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ABSTRACT
Anaerobic membrane bioreactor (AnMBR) can potentially be the core technology to
facilitate the transformation of existing wastewater treatment plants to biorefineries,
where clean water, renewable energy, and nutrients can be simultaneously extracted
from wastewater. AnMBR is an integration of the membrane filtration process with
anaerobic digestion. Organic substances are biodegraded to produce methane rich
biogas, which can be subsequently converted to electricity to offset energy consumption
of wastewater treatment facilities. Anaerobic treatment converts nutrients (e.g. nitrogen
and phosphorus) to more chemically available forms to improve subsequent recovery.
As such, wastewater is treated and can serve for different reuse applications with the
integration of additional processes for further effluent purification. Nevertheless, the
tech-economic feasibility of AnMBR for the treatment of and resource recovery from
municipal wastewater is challenging due to its dilute nature. Thus, several advanced
techniques, such as forward osmosis, have been strategically used to pre-concentrate
municipal wastewater to achieve the carbon level suitable for efficient AnMBR
treatment. In addition to organic matter, wastewater pre-concentration can also enrich
inhibitory substances, such as inorganic salts and sulphur, and thus, negatively affecting
the AnMBR performance. This thesis aimed to investigate the performance of AnMBR
and its hybrid system for wastewater treatment and resource recovery. By simulating
scenarios in wastewater pre-concentration, the effects of salinity and sulphur build-up in
the influent on the performance of AnMBR were comprehensively investigated. In
addition, AnMBR was integrated with membrane distillation (MD), which is a
thermally driven membrane process, to advance wastewater treatment and resource
recovery.
Results from this thesis show that salinity build-up in the influent from negligible to 15
g/L (as NaCl) significantly affected the performance of AnMBR regarding biogas
production and contaminant removal. Salinity build-up to the level above 10 g/L NaCl
could reduce the activity and growth of anaerobic digester and thus reduce the removal
of bulk organic matter as indicated by the measurement of chemical oxygen demand
(COD). Nevertheless, biogas production was slightly reduced within the range of 0.4 –
0.5 L/g CODloaded with methane composition stabilising at 58 – 65% when the influent
3

salinity was increased up to 15 g/L NaCl. Of the 33 trace organic contaminants (TrOCs)
investigated, the elevated salinity reduced the removal of most hydrophilic compounds,
but did not significantly affect the removal of hydrophobic chemicals. The accumulation
of a few persistent TrOCs in the sludge phase was observed, but such accumulation did
not vary significantly as salinity increased.
In this thesis, the impact of sulphur content on the performance of AnMBR was also
investigated with an emphasis on the biological stability, contaminant removal, and
membrane fouling. Removal of 38 TrOCs that are ubiquitously present in municipal
wastewater by AnMBR was specifically elucidated. Results show that basic biological
performance of AnMBR regarding biomass growth and COD removal was not affected
when the influent COD/SO42- ratio was maintained higher than 10. Nevertheless, the
content of hydrogen sulphide in the produced biogas increased significantly and
membrane fouling was exacerbated with sulphur addition. Moreover, sulphur increase
considerably affected the removal of some hydrophilic TrOCs and their residuals in
sludge during AnMBR operation. By contrast, no significant impact on the removal of
hydrophobic TrOCs was noted with sulphur addition to AnMBR.
A direct contact MD process was integrated with AnMBR to simultaneously recover
energy and produce high quality water for reuse from wastewater. Results showed that
AnMBR could produce 0.3 – 0.5 L/g CODadded biogas with a stable methane content of
approximately 65%. By integrating MD with AnMBR, COD and phosphate were almost
completely removed. Removal of the 26 selected TrOCs by AnMBR was compound
specific, but the MD process could complement AnMBR removal, leading to an overall
efficiency from 76% to complete removal for these compounds. The results also show
that, due to complete retention, organic matter (such as humic-like and protein-like
substances) and inorganic salts accumulated in the MD feed solution and therefore
resulted in significant fouling of the MD unit. As a result, the water flux of the MD
process decreased continuously. Nevertheless, membrane pore wetting was not
observed.
Results from this thesis provide unique insights to the further development of AnMBR,
particularly for the treatment of pre-concentrated municipal wastewater. Additional
processes should be applied to control the wastewater salinity less than 10 g/L NaCl and
4

manage the wastewater COD/SO42- ratio above 10 to avoid inhibitory effects on
AnMBR. Moreover, contaminant accumulation in the feed solution should be addressed
when a membrane separation process is used to purify AnMBR effluent.
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CHAPTER 1: INTRODUCTION
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1.1 Background
Wastewater is a vein of resources for the production of clean water, renewable energy,
and fertilisers (Burn et al., 2014). Water reuse has been practiced globally as an
important measure to tackle water scarcity and environmental pollution (Shannon et al.,
2008a). As a notable example, through persistent scientific development over the last
few decades, Israel has succeeded in reusing most of its wastewater effluent for
irrigation, thereby effectively transforming desert into arable and productive farmland
(McCarty, 2012). Safe and reliable water reuse requires adequate removal of organic
substances and nutrients (nitrogen and phosphorus), which on the other hand, are
important resources for our sustainable development. Organic substances considerably
embedded in wastewater can be converted to methane rich biogas via anaerobic
digestion. The produced biogas can be used directly or converted to electricity and
thermal energy for beneficial use. Nutrients are important culprits in the eutrophication
of water bodies and can result in struvite blockage to wastewater treatment facilities
(Doyle et al., 2002). Thus, nutrient recovery from wastewater for fertiliser production
not only secures food and agriculture production, but also reduces the cost of
wastewater treatment and infrastructure maintenance.
Membrane bioreactors (MBR) have been increasingly deployed globally for wastewater
treatment and reuse. MBR is typically the integration of membrane separation processes,
such as microfiltration and ultrafiltration, with conventional activated sludge (CAS)
treatment. Compared to CAS treatment alone, MBR is more robust with a much smaller
physical footprint and improved effluent quality (Judd, 2016). Indeed, previous studies
have well documented that MBR can offer enhanced removal efficiency of trace organic
contaminants (TrOCs), particularly those biodegradable and hydrophobic compounds in
comparison with solely CAS treatment (Clara et al., 2005; De Wever et al., 2007a;
Radjenovic et al., 2009). TrOCs, such as pharmaceuticals, personal care products, and
estrogens, are chemicals of emerging concern that are present in wastewater at trace
levels (a few nanogram per litre to several microgram per litre) are arguably the most
vexing challenge to water reuse given their threat to the environmental and human
health (Schwarzenbach et al., 2006a; Luo et al., 2014b). It is noteworthy that MBR
typically focuses only on water reclamation rather than the recovery of energy and
nutrients from wastewater. Furthermore, MBR is energy intensive with aeration being a
14

large electricity consumer to support the CAS treatment (Krzeminski et al., 2012).
Recent efforts to transform the existing wastewater treatment plants to be energy neutral
or positive has resulted in the development of anaerobic MBR (Liao et al., 2006a;
McCarty et al., 2011). AnMBR combines membrane separation process with anaerobic
digestion. Thus, organic substances in wastewater are biologically converted into
methane rich biogas, which can then be converted to electricity to offset the energy
consumption of wastewater treatment facilities (Martin et al., 2011). Moreover,
nutrients (e.g. nitrogen and phosphorus) can be transformed to more chemically
available forms by anaerobic digestion to facilitate subsequent recovery or direct
agricultural utilisation (Smith et al., 2012b; Batstone et al., 2015). With the integration
of membrane separation processes, AnMBR can enhance the performance of anaerobic
digestion regarding improved biogas production and effluent quality (Stuckey, 2012). It
has been well established that AnMBR is suitable for treating high strength wastewater
with more than 90% removal of organic matter (as indicated by chemical oxygen
demand (COD) measurement) and converting up to 98% of influent COD to biogas
under optimised conditions (Van Zyl et al., 2008).
Despite the promise of AnMBR to achieve energy positive wastewater treatment, there
are several fundamental challenges to its further development. These challenges evolve
around the dilute nature of municipal wastewater, inhibitory substances (e.g. inorganic
salts and sulfur), and membrane fouling. Municipal wastewater has low concentrations
of organic matter, which is not sufficient for efficient anaerobic digestion in AnMBR
treatment (Ozgun et al., 2013). Thus, membrane processes, such as reverse osmosis (RO)
and forward osmosis (FO), have been used to concentrate municipal wastewater to the
level suitable for anaerobic treatment (Ansari et al., 2017). It is noteworthy that
membrane processes not only enrich organic substances, but also inhibitory substances
in the concentrated wastewater. In most cases, the accumulation of inorganic salts in the
concentrated wastewater is severe when FO is used due to its reverse salt diffusion from
the draw solution (Ansari et al., 2015a). In addition, these inhibitory substances are also
vexing challenges to AnMBR treating industrial waste streams, for example, from food
and paper production processing (Chen et al., 2016). Nevertheless, to date, little is
known about the comprehensive performance of AnMBR for treating concentrated
wastewater with the build-up of these inhibitory substances.
15

AnMBR can be integrated with additional processes, such as membrane filtration,
biological treatment, and advanced oxidation, to enhance contaminant removal and
nutrient recovery from the effluent (Ozgun et al., 2013). As a notable example, a novel
membrane separation process, membrane distillation (MD), has been recently used to
further purify the AnMBR effluent for the removal of organic matter and nutrients
(Jacob et al., 2015; Kim et al., 2015). MD is a thermal-driven process, where water
evaporates from the feed solution, across a microporous membrane, into a distillate with
vapour pressure difference between these two solutions as the driving force (Tijing et al.,
2015). Since AnMBR is usually operated under mesophilic and thermophilic conditions,
its hybridisation with MD (i.e. AnMBR-MD) can potentially reduce the considerable
heat requirement for MD operation. On the other hand, MD is highly selective and
allows for further removal of contaminants from AnMBR effluent to advance
wastewater treatment and reuse (Pangarkar et al., 2014). Such integration also provides
new insights to the development of a proof-of-concept anaerobic membrane distillation
bioreactor (AnMDBR), which directly combines MD with anaerobic treatment.
Nevertheless, investigations on the compatibility of MD with either AnMBR or
anaerobic digestion to advance wastewater treatment and reuse are rather scarce.

1.2 Objectives and thesis scope
The overall goal of this research was to investigate the performance of AnMBR and its
hybrid system for wastewater treatment and resource recovery, and thus, to facilitate its
further development to transform the existing wastewater treatment plants to
biorefineries for simultaneous extraction of clean water, nutrients, and energy from
wastewater. Specific objectives to meet this goal were to:
1) investigate the effects of salinity build-up on the performance of AnMBR,
particularly in terms of biogas production and the removal of TrOCs;
2) elucidate the effects of sulphur on the performance of AnMBR regarding
biological stability, contaminant removal, and membrane fouling;
3) evaluate the performance and limitations of an AnMBR-MD hybrid system for
energy and water recovery from wastewater.

1.3 Thesis organization
16

This thesis consisted of six chapters, including the Introduction, Literature Review,
Research sections, and Conclusions and Recommendations (Figure 1-1). The research
section encapsulates two major parts. The first part covered in Chapter 3 and 4 focused
on investigating the effects of inhibitory substances on the performance of AnMBR. In
Chapter 3, the effects of salinity build-up on biogas production and the removal of
TrOCs were elucidated. Removal of TrOCs by AnMBR under the elevated salinity
condition was fundamentally related to their physicochemical properties, such as
hydrophobicity and molecular structure. In Chapter 4, the resistance of AnMBR against
increased sulphur content in the influent was investigated to provide new insights to its
applications for treating sulphur-rich wastewater and simultaneous management of
wastewater and sulphur-rich food waste. Biological stability, contaminant removal, and
membrane fouling were also evaluated in these investigations.
In the second part of the thesis, the AnMBR-MD hybrid system was designed and
constructed to advance energy recovery and water reuse. Biological stability of the
hybrid system was evaluated with respect to biogas production and key biomass
characteristics. The roles of biological treatment and membrane separation in
contaminant removal were quantified. In addition, membrane fouling mechanisms were
elucidated and correlated to contaminant transport and distribution in the hybrid system.
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Figure 1-1: Outline of the thesis.
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2.1 Introduction
In a paradigm shift towards the circular economy, wastewater can no longer be viewed
as a contributor to environmental pollution but rather a source of valuable resources,
including clean water, renewable energy and nutrients. The extraction of clean water
from wastewater for beneficial reuse can simultaneously address water scarcity and
environmental pollution (Shannon et al., 2008a; Li et al., 2015b). Methane-rich biogas
produced from the biodegradation of organic substances in wastewater can be utilized to
offset the energy consumption for wastewater treatment (Bogardi et al., 2012; Li et al.,
2015b). The recovery of nutrients (i.e. nitrogen and phosphorus) from wastewater is
also important for sustainable agriculture production particularly given the finite
availability of phosphorus from mining (Koppelaar et al., 2013).
Nutrient recovery from wastewater can also reduce the maintenance cost of wastewater
treatment facilities and alleviate environmental impacts. During wastewater treatment,
phosphate and ammonium (which are abundant in wastewater) can react with
magnesium to form a crystalline precipitate, known as struvite (MgNH4PO4.6H2O),
which cause blockage and scaling of plant equipment (Doyle et al., 2002). Moreover,
both nitrogen and phosphorus are important contaminants that can result in
eutrophication of natural waterways if they are discharged to the environment.
Membrane bioreactors (MBR) have been increasingly deployed to advance wastewater
treatment and reuse on a global scale (Hai et al., 2014a). MBR is an integration of
membrane filtration with conventional activated sludge (CAS) treatment. Compared to
CAS treatment, MBR exhibits several advantages, including higher effluent quality,
smaller footprint, as well as easier operation and management (Judd, 2016). Indeed,
MBR is more effective for the removal of trace organic contaminants (TrOCs) than
CAS treatment for advanced water reuse (Luo et al., 2014b). TrOCs occur ubiquitously
in municipal wastewater and are of particular concern to water reuse. Nevertheless,
MBR is energy-intensive since aeration is necessary for the growth and activity of
activated sludge and to control membrane fouling. Furthermore, energy and nutrients in
wastewater are dissipated as released gases (e.g. carbon dioxide and nitrogen gas) in
MBR treatment.
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An alternative MBR configuration, namely anaerobic MBR or AnMBR, has also been
explored for energy neutral wastewater treatment (Gao et al., 2008; Verstraete et al.,
2009). AnMBR integrates anaerobic digestion treatment with membrane filtration.
During AnMBR treatment, organic substances in wastewater are biologically converted
to methane-rich biogas. The produced biogas can offset the energy demand for
wastewater treatment (McCarty et al., 2011). Since anaerobic treatment also converts
nutrients to chemically available forms (e.g. ammonia and phosphate). AnMBR can
facilitate nutrient recovery via subsequent precipitation. Nevertheless, there remain
several significant challenges in the development of AnMBR for resource recovery
from wastewater, particularly municipal wastewater. These include low organic and
nutrient contents in municipal wastewater as well as issues associated with salinity
build-up, membrane stability, membrane fouling, and the occurrence of inhibitory
substances.
In this chapter, the performance of AnMBR for wastewater treatment and resource
recovery is critically reviewed. Several key challenges to the further development of
AnMBR are delineated. Potential strategies to address these challenges are proposed.
This chapter provides important insight to the development of AnMBR for the
management of water, energy, and nutrients.

2.2 Resources in wastewater
Reclaimed wastewater has been recognized as an alternative source to augment clean
water supply as well as address issues caused by water shortage (Shannon et al., 2008a).
Apart from clean water, which can be extracted for beneficial reuse, there are other
important resources in wastewater. Recent interest in these resources has spurred new
research aiming to convert wastewater treatment plants into resource recovery facilities.
Valuable resources in wastewater include the water itself, energy, and nutrients (i.e.
nitrogen and phosphorus) (Figure 2-1). Clean water is an important resource. Water
reuse has delivered significant economic and environmental benefits for many arid or
highly populated regions. Energy can be extracted from the organic content in
wastewater by anaerobic treatment to produce biogas, which is a renewable fuel.
Nutrients in wastewater can also be recovered to produce fertilizers for agronomic
activities. For example, it has been estimated that nitrogen in municipal wastewater
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accounts for approximately 30% nitrogen demand of current agriculture (Verstraete et
al., 2009). While water reuse has been widely practiced, energy and nutrient recovery
from wastewater is still in its infancy.

Figure 2-1: Primary resources and their relative economic values (%) in municipal
wastewater (Adapted from (Burn et al., 2014)).

2.3 AnMBR
2.3.1

Fundamentals of AnMBR

AnMBR differs intrinsically from aerobic MBR in terms of the biological component.
The anaerobic biological process involves four integrated stages, namely hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. Degradation of organic matter and its
conversion to biogas depends on the symbiotic relationship among the different groups
of microorganisms (e.g. fermentative bacteria, syntrophic acetogens, homoacetogens,
hydrogenetrophic methanogens and aceticlastic methanogens) (Chen et al., 2016). Of
these microorganism groups, methanogens play arguably the most important role for
biogas production by converting intermediate products from previous stages to methane
gas. However, methanogens are slow-growing microorganisms and can be easily
washed out from conventional anaerobic bioreactors. By incorporating membrane
separation processes, such as microfiltration (MF) and ultrafiltration (UF), the hydraulic
retention time (HRT) can be decoupled from the sludge retention time (SRT). Thus,
AnMBR can produce more biogas than conventional anaerobic treatment (Liao et al.,
2006a).
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In many aspects (e.g. energy consumption, contaminant removal efficiency, and volume
throughput), AnMBR differs considerably from MBR (Table 2-1). Since aeration is not
required, AnMBR has significantly lower energy input to the bioreactor compared to
aerobic MBR. In addition, the energy footprint of AnMBR can be offset by produced
biogas (Smith et al., 2012b). Nevertheless, Martin et al. (2011) reported that the energy
demand in submerged AnMBR varies considerably from 0.03 to 5.7 kWh/m3 due to
different energy requirements for gas sparging to control membrane fouling. Since
AnMBR is usually operated at high biomass concentration and long SRT and HRT, it is
appropriate for treating high strength wastewater (Skouteris et al., 2012). Without
oxygen as an electron acceptor, anaerobic digesters release electrons for methane (CH4)
production rather than using them for microbial growth. Thus, AnMBR produces less
sludge than aerobic MBR (Liao et al., 2006a). It is noteworthy that anaerobic
degradation is a slow process. Thus, AnMBR has a lower contaminant removal
efficiency and volume throughput (i.e. treatment capability) than MBR.
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Table 2-1：Comparison between AnMBR and MBR for wastewater treatment
Feature

AnMBR

MBR

Reference

Energy consumption (kWh/m3)

0.03 – 5.7 a

~ 2b

Martin et al. (2011)

Biomass concentration (g/L)c

10 – 40

5 – 20

Liao et al. (2006); Shin and Bae (2018)

Organic loading rate (kg COD·L-1·d-1)

0.17 – 35.5

0.25 – 0.8

Hai et al. (2014); Shin and Bae (2018); Maleki et al. (2018)

Organic removal efficiency (%)

> 90

> 95

Lin et al. (2013); Judd (2016); Svojitka et al. (2017)

Hydraulic retention time (hours)

>8

4–8

Stuckey (2012); Berkessa et al. (2018)

Water flux (L/m2h)

5 – 12

20 – 30

Wang et al. (2018)

Sludge retention time (day)

> 100

5 – 20

Liao et al. (2006); Skouteris et al. (2012)

Operational temperature (oC)

20 – 50

20 – 30

Martinez-Sosa et al. (2011); Hai et al. (2014)

a

Energy consumption was calculated for submerged AnMBR treating wastewater with strength between 0.27 and 10 g COD/L;

b

Energy consumption was calculated for submerged MBR treating wastewater with strength between 0.3 and 1.0 g COD/L;

c

Biomass concentration was on the basis of mixed liquor suspended solids content.
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2.3.2

AnMBR configurations

There are several AnMBR configurations used depending on the anaerobic treatment
process (Figure 2-2). Excellent reviews of anaerobic bioreactors for AnMBR are
available in the literature (Skouteris et al., 2012; Ozgun et al., 2013; Chen et al., 2016).
Common anaerobic bioreactors for AnMBR include up-flow anaerobic sludge blanket
(UASB), completely stirred tank reactor (CSTR), and anaerobic fluidized bed bioreactor
(AFBR) (Figure 2-2A-C). Of these reactors, CSTR is most frequently used for AnMBR
due to its ease of construction and operation. UASB can retain biomass mostly in the
bottom zone of the bioreactor, thus, the effluent passed through the membrane unit has
low suspended solids concentration, which may help alleviating membrane fouling. In
UASB, the produced biogas can be captured through a gas/liquid/solid separator. AFBR
contains granular media (e.g. activated carbon or sponge) suspended in the reactor by
the upward velocity of the treated fluid (Kim et al., 2011).
AnMBR can be operated in either side-stream or submerged mode (Figure 2-2D-F). In
a side-stream AnMBR, the membrane module is outside of the bioreactor. Mixed liquor
in the bioreactor is transferred to the membrane unit and permeate is pushed or extracted
through the membrane. In the submerged AnMBR, the membrane unit can be directly
immersed into the bioreactor (Figure 2-2E) to extract treated water through the
membrane.
The submerged AnMBR can be deployed as a two-stage system by submersing the
membrane module in a chamber separated from the working bioreactor (Figure 2-2F).
The two-stage AnMBR configuration facilitates membrane maintenance and cleaning
by intensive shear force and chemicals. Retentate from the membrane tank can also be
recirculated to the anaerobic reactor for further contaminant biodegradation. As such,
the two-stage configuration can be potentially used for full-scale AnMBR applications.
Indeed, Shin and Bae (2018) reported that ten out of eleven recent pilot-scale AnMBR
studies have adopted the two-stage configuration. As a notable exception, Gouveia et al.
(2015b) developed a single-stage AnMBR system, in which a submerged membraned
housed at the supper part of the UASB reactor. In their study, two baffles were placed
between the three-phase (i.e. gas/liquid/solid) separator and the UF membrane to
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improve solid settleability.

Figure 2-2: Typical anaerobic bioreactors (A: up-flow anaerobic sludge reactor; B:
continuous stirred-tank reactor; C: anaerobic fluidized bed reactor) and their integration
with membrane separation process in the (D) side-stream, (E) submerged and (F)
external chamber modes.
Recent progress to advance wastewater treatment and reuse has resulted in the
emergence of high retention AnMBR systems. These mainly include anaerobic
membrane distillation bioreactors (AnMDBR) and anaerobic osmotic membrane
bioreactor (AnOMBR). By integrating with the MD or FO process, both AnMDBR and
AnOMBR can enhance the removal of contaminants for water reuse applications.
AnMDBR is an integration of membrane distillation (MD) and anaerobic treatment.
MD is a thermally driven separation processes, in which the thermal gradient between a
feed solution and distillate drives the transportation of water vapour through a
hydrophobic, microporous membrane. The competitive advantages of anaerobic
processes can be readily utilized when they are combined with the MD process, because
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the thermophilic operation for anaerobic treatment can reduce extra heat requirement for
MD operation (Kim et al., 2015).
AnOMBR, which combines forward osmosis (FO) with anaerobic treatment, is also
attractive for advanced wastewater treatment and reuse (Chen et al., 2014c). In FO,
water transports from a feed solution, across the semi-permeable membrane, to a draw
solution with the osmotic pressure difference between these two solutions acting as the
driving force. During AnOMBR operation, a desalination process, such as nanofiltration
(NF) and reverse osmosis (RO), can be used to regenerate the draw solution and
produce clean water. Compared to conventional MF and UF membranes, FO has higher
selectivity, lower membrane fouling propensity and better membrane fouling
reversibility (Xie et al., 2015).

2.4 AnMBR for water reuse and resource recovery
2.4.1

Organic removal

The performance of AnMBR for water reuse has been extensively studied in recent
years. AnMBR is best suited for the treatment of wastewater with a high organic content.
Indeed, there have been a number of pilot demonstration and full-scale AnMBR systems
for treating effluents from a variety of sources such as field crop processing (e.g.
sauerkraut, wheat, maize, soybean, and palm oil), dairy processing, and the beverage
industry (e.g. winery, brewery, and distillery) (Table 2-2).
Amongst complex contaminants in wastewater, TrOCs present arguably the greatest
challenge to water reuse (Schwarzenbach et al., 2006a). Recent studies have also
demonstrated that the removal of TrOCs by AnMBR varied significantly from
negligible to more than 90% (Figure 2-3). It appears that TrOC removal by AnMBR is
governed mostly by intrinsic physiochemical properties of the compound. Monsalvo et
al. (2014a) investigated the removal of 38 TrOCs by AnMBR and reported over 90%
removal of nine compounds; while the others were removed by less than 50%.
Wijekoon et al. (2015) have successfully developed a predictive framework to assess
the removal of TrOCs by AnMBR, which relates the removal of TrOCs to their
hydrophobicity and molecular structures. Specifically, hydrophobic TrOCs were
effectively removed by more than 70% as they are prone to adsorb onto sludge for
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subsequent biodegradation (Figure 2-3). High removal was also observed for
hydrophilic compounds with electron donating groups (e.g. hydroxyl and amine) and
nitrogen in the molecular structure. By contrast, hydrophilic compounds with electron
withdrawing groups (e.g. chloro and amide) were resistant to AnMBR treatment.
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Figure 2-3: Removal of trace organic contaminants (TrOCs) by AnMBR. Results were
extracted from previous studies (Monsalvo et al., 2014a; Wijekoon et al., 2015). TrOCs
were ordered based on their hydrophobicity, which could be determined by their
effective octanol – water partition coefficient (i.e. Log D) at the mixed liquor pH of 7.
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Table 2-2：Examples of AnMBR performance regarding organic removal and methane production
Wastewater
Food wastewater
Kraft evaporator
condensate
Landfill leachate
Real municipal
Pre-concentrated
synthetic wastewater
Meat packing
wastewater

Bioreactor
configuration
N.A

Side-stream MF

Organic removal
(COD, %)
81 – 94

Methane yield
(L/kg COD)
136

He et al. (2005)

UASB

Submerged MF

97 – 99

290 – 310

Lin et al. (2009)

N.A
CSTR

Submerged UF
Side-stream MF

90
86 – 88

460
300

Zayen et al. (2010)
Yue et al. (2015)

N.A

Submerged MF

96

223

Dai et al. (2015)

N.A

Submerged MF

88 – 98

130 – 180

Galib et al. (2016)

N.A

Submerged MF

90

160

Umaiyakunjaram and
Shanmugam (2016)

N.A

Submerged MF

97.9 – 99.3

200 – 220

Jeong et al. (2017)

UASB
CSTR

Submerged MF
Submerged MF

> 98
90.2 – 94.1

290
308 – 345

Berkessa et al. (2018)
Maleki et al. (2018)

Raw tannery
Domestic wastewater +
food waste-recycling
wastewater
Synthetic wastewater
Malting wastewater
*

UASB:

up-flow

anaerobic

sludge

Membrane integration

reactor;

CSTR:

continuous

stirred-tank

reactor;

N.A:

Reference

information

is

not

available.
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2.4.2

Biogas production

Chemical energy in wastewater in the form of organic carbon can be recovered by
AnMBR to produce biogas. Indeed, CH4 yield increases linearly with the COD loading
rate to AnMBR (Yeo et al., 2015). Under optimized conditions, AnMBR can convert up
to 98% of the influent COD into biogas, which is equivalent to seven times the energy
required for system operation (Van Zyl et al., 2008). In practice, actual biogas yield is
considerably lower than the theoretical value, due to the high solubility of CH4 in the
effluent and other inhibiting factors.
CH4 loss due to its solubility (22.7 mg/L) in the effluent is significant during AnMBR
treatment, particularly for low strength municipal wastewater (Smith et al., 2012b). Liu
et al. (2014) reported that dissolved CH4 in permeate was approximately 45% of total
produced CH4 at 30 oC when AnMBR was used for treating municipal wastewater with
COD of 200 mg/L. Similar results were also reported by Yeo et al. (2015) who observed
that 24 – 58% of total produced CH4 was dissolved in the permeate during AnMBR
treatment. Yue et al. (2015) also demonstrated that AnMBR could remove 86 – 88%
COD from municipal wastewater (influent COD of approximately 330 mg/L), but 67%
of the produced CH4 was dissolved in the mixed liquor and then released via permeate.
Galib et al. (2016) reported that the dissolved CH4 concentrations decreased from 54 to
25 mg/L when the organic loading rate of wastewater increased from 0.4 to 3.2 kg
COD/m3d, due to the enhanced biogas yield at the high organic loading rate. Dissolved
CH4 in AnMBR permeate can be recovered, for example, by using gas-permeable
membranes or gas-separation reactors as post-treatment (Sethunga et al., 2018), thereby
reducing its environmental impacts.
Dissolved CH4 in the permeate does not only reduce the energy efficiency of AnMBR
treatment, but also contribute to global warming as the greenhouse potency of CH4 is 25
times higher than carbon dioxide. Vacuum packed towers, bubble columns and forced
drafted aerators can be used to remove CH4 from anaerobically treated effluent (Crone
et al., 2016). These processes require a large physical footprint to ensure sufficient
contact time for gas stripping and prevent operational problems, such as flooding and
channelling (Sethunga et al., 2018). Membrane separation process has also been
proposed recently to advance dissolved CH4 recovery from anaerobic effluents.
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Cookney et al. (2016) demonstrated a hollow fibre membrane contactor that could
recover more than 98.9% dissolved CH4 from AnMBR effluent. However, membrane
separation process for the recovery of dissolved CH4 from anaerobic effluents is still in
the early stage and its economic viability and process safety have not been fully
evaluated. Overall, the dissolution of CH4 in effluent is still a major limiting factor to
the deployment of AnMBR for low strength wastewater (Liu et al., 2014).
2.4.3

Nutrient removal and recovery

During AnMBR treatment, nutrient removal depends largely on microbial assimilation
and is limited due to low biomass yields of anaerobic microbes. Dai et al. (2015)
reported that AnMBR could only remove 10% of the total nitrogen. On the other hand,
anaerobic treatment liberates nitrogen and phosphorus in the form of ammonium (NH4+)
and phosphate (PO43-), respectively, thus facilitating their recovery through subsequent
precipitation.
Integrating complementary processes with AnMBR may be necessary to enhance
nutrient recovery from AnMBR effluent. These processes mainly include membrane
processes (Jacob et al., 2015), ion exchange (Liu et al., 2016), electrodialysis (Xie et al.,
2016), and photosynthetic bioreactor (Gonzalez et al., 2017). Deng et al. (2014) showed
that natural zeolite as an absorbent can be used to economically remove ammonium
nitrogen from AnMBR effluent. Jacob et al. (2015) reported 90% removal of COD and
ammonium nitrogen from AnMBR effluent by a direct contact MD process. It is
noteworthy that a reduction of NH4+removal may occur due to its transportation through
the MD membrane via ammonia evaporation. This issue can be potentially addressed by
using a FO and MD hybrid system, where the FO membrane can effectively reject NH4+;
while MD can be used to regenerate the draw solution and produce clean water. Xie et
al. (2014) has successfully demonstrated the feasibility of the FO and MD hybrid
system for nutrient recovery (as struvite) and clean water production from digested
sludge centrate.
Effective nutrient removal can be achieved by high retention AnMBR systems. Chen et
al. (2014c) demonstrated that AnOMBR could remove total phosphorus (TP) and NH4+
by 100% and 62%, respectively. The observed complete TP removal was attributed to
the high rejection of PO43- ions by the FO membrane given their negative charge and
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large hydrated radius (Holloway et al., 2007).

2.5 Factors

underlying

key

challenges

to

further

AnMBR

development
Despite the high potential of AnMBR for resource recovery from wastewater, there
remain some challenges, particularly for treating municipal sewage. They include the
dilute nature and temperature difference of municipal wastewater, salinity build-up
when diluted wastewater is pre-concentrated, membrane fouling and stability, and
inhibitory substances (e.g. free ammonia and sulphide) (Figure 2-4). Thus, future
studies are required for the development of effective strategies to address these
challenges for further development of AnMBR.

Figure 2-4: Key challenges and potential strategies to the development of AnMBR for
wastewater treatment and resource recovery.
2.5.1

Dilute nature of wastewater

Municipal wastewater has low concentrations of organic substances (for energy
recovery) and even lower concentration of nitrogen and phosphorus (for nutrient
recovery). A moderate wastewater strength (> 1000 mg COD/L) is necessary to
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maintain effective activity of anaerobic digester for adequate biogas yield and removal
of organic pollutants from wastewater (Verstraete et al., 2009). Similarly, ammonium
and phosphate concentrations should be higher than 5 g NH4-N/L and 50 mg/L,
respectively, for economically efficient recovery by conventional processes, such as ion
exchange and chemical precipitation. However, municipal wastewater typically contains
ammonium and phosphate less than 0.1 g NH4-N/L (Mulder et al., 2013) and 10 mg/L
(Yuan et al., 2012). Thus, the pre-concentration of municipal wastewater is required
prior to AnMBR treatment for the recovery of energy and nutrients, particularly
phosphorus to achieve the waste-to-resource strategy.
Membrane separation can be used to pre-concentrate wastewater to produce high quality
water and simultaneously enrich non-water components for subsequent recovery.
Currently used membrane processes include MF, UF and RO. As an example, Dai et al.
(2015) have successfully used an UF – RO hybrid system to pre-concentrate municipal
wastewater for elevating COD and nitrogen concentrations to the levels suitable for
AnMBR treatment.
FO is a promising membrane process for wastewater pre-concentration due to its high
selectivity, low fouling propensity, and high fouling reversibility (Xie et al., 2013;
Ansari et al., 2016). Ansari et al. (2016) demonstrated that FO could concentrate
municipal wastewater by more than eight times to a COD range (> 1000 mg/L) suitable
for biogas production in anaerobic treatment. Higher concentration factors could be
achieved when municipal wastewater was further diluted during rainy seasons (Ansari
et al., 2016). FO can be integrated with a desalination process (e.g. RO and MD) for
draw solution regeneration and clean water production (Xie et al., 2013). When the
recovery of the draw solution, such as seawater, is not needed, FO can also be operated
in the energy efficient osmotic dilution mode (Ansari et al., 2016).
Pre-concentration of wastewater may entail several issues to AnMBR. In addition to
organic matter, pre-concentrating wastewater can enrich inhibitory substances, such as
inorganic salts, ammonia, and sulphate. Salt accumulation in wastewater is significant
when using FO as the pre-concentration process due to its reverse salt flux. Inhibitions
of these substances to AnMBR are discussed in the following sections. Moreover,
phosphorus may precipitate in the anaerobic reactor due to the enriched content of
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phosphorus, calcium, and magnesium in pre-concentrated wastewater (Chen et al.,
2014a), thereby resulting in significant membrane scaling in AnMBR and complications
for subsequent phosphorus recovery such that the availability of phosphorus in liquid
phase is reduced.
2.5.2

Temperature

AnMBR can be operated under either thermophilic (50 – 60 ˚C) or mesophilic (30 – 40
˚C) conditions (Martinez-Sosa et al., 2011; Gouveia et al., 2015). Psychrophilic
condition (10 – 20 ˚C) is generally not suitable for municipal wastewater treatment.
Thus, anaerobic treatment of municipal wastewater is still a challenge for cold regions,
where significant energy is required to heat wastewater to a mesophilic condition.
AnMBR operation at low temperature can result in several negative issues including
aggravated membrane fouling, slow contaminant biodegradation, and high CH4
solubility in the effluent. Hydrolysis of particulate matter into dissolved molecules is
limited at low temperature, leading to the accumulation of suspended solids in the
reactor and a decrease in methanogenic activity. Martinez-Sosa et al. (2011) observed
an increase in the total suspended solids content and soluble COD in the bioreactor
when the temperature of AnMBR was reduced from 35 to 20 ˚C, resulting in severe
membrane fouling and decreased CH4 production. Decreased CH4 production could also
be attributed to its increased solubility in the effluent when the temperature decreased to
20 ˚C. In addition, the mixed liquor viscosity also increased as the temperature
decreased, thus requiring more energy for mixing and pumping.
2.5.3

Salinity build-up

Saline wastewater is a challenge to biological treatment. Indeed, AnMBR performance
in terms of biogas production and organic removal decreases when treating highly saline
feed, such as wastewater from seafood processing and cheese production (Dereli et al.,
2012). High salinity could result in enzyme inhibition, cell activity decline, and
plasmolysis to anaerobic microbes, thereby negatively affecting the anaerobic digestion
process (Chen et al., 2008). For instance, Ng et al. (2014) reported that the CH4 yield of
AnMBR was reduced to less than 160 L/kg CODremoved when treating pharmaceutical
wastewater due to the disruption of normal metabolic functions and degradation kinetics
under saline concentrations.
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Microbial acclimatization could lead to the proliferation of halotolerant and even
halophilic bacteria to recover AnMBR performance (Dereli et al., 2012). Jeison et al.
(2008) revealed that long-term adaption resulted in better salt tolerance, with an
observed 50% activity inhibitory concentration (IC50) value for acetotrophic
methanogenesis at approximately 25 g/L NaCl. Munoz Sierra et al. (2018) also reported
the robustness of AnMBR to short-term, step-wise increase of salinity up to 20 g/L
NaCl with significant variation in the microbial community. It is noteworthy that
salinity increase exacerbated membrane fouling by reducing sludge particle size in their
study.
2.5.4

Inhibitory substances

AnMBR is susceptible to the accumulation of inhibitory substances, such as free
ammonia and sulphate, in wastewater. Ammonia is generated by the biodegradation of
nitrogenous compounds, mostly in the form of protein in wastewater, during anaerobic
digestion (Chen et al., 2008). Ammonia toxicity (> 3500 mg/L) within an anaerobic
digester could be attributed to direct inhibition to the activity of cytosolic enzymes as
well as an increase in the intracellular pH and/or the concentration of other cations, such
as potassium (Kanai et al., 2010). The observed inhibition was due to free ammonia in
solution rather than ammonium ions, whose equilibrium concentrations are dependent
on pH and temperature (Chen et al., 2008). Indeed, free ammonia is more toxic than
ionised ammonia, because it can better penetrate through the cell membrane and thus
result in the disruption of cellular homeostasis, potassium deficiency and/or proton
imbalance. A higher temperature and pH value can exacerbate the inhibition by
releasing more free ammonia (Meabe et al., 2013).
High sulphate concentration can also inhibit AnMBR performance. Such inhibition can
be attributed to the competition between sulphate reducing bacteria (approximately 2 g
COD/g SO4-Sremoved) and methanogenic microbes for available carbon (Chen et al.,
2016). Moreover, sulphate can induce the precipitation of non-alkaline metals in
anaerobic reactors, reducing their availability as micro-nutrients for methane producing
microbes (Oude Elferink et al., 1994; Siles et al., 2010). In addition, sulphate reduction
produces hydrogen sulphide (H2S), which is a corrosive, malodourous, and toxic gas
(Muyzer et al., 2008; Sarti et al., 2011; Park et al., 2014). H2S can readily penetrate
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through microbial cell membrane and denature native proteins inside the cytoplasm
producing sulphide and disulphide cross-links between polypeptide chains (Siles et al.,
2010).
Sufficient organic supply can mitigate the inhibition of AnMBR by free ammonia and
sulphate. Meabe et al. (2013) reported that longer SRT in AnMBR could allow for
sufficient acclimatization of biomass to resist ammonia inhibition. Thus, no critical
ammonia inhibition was observed for both mesophilic and thermophilic AnMBR in
their study. Tian et al. (2018) recently developed a stepwise acclimation strategy to
allow anaerobic communities to adapt to 10 g NH4+-N/L in mesophilic CSTR. The
negative impact of sulphate is also insignificant provided that the ratio of COD and
SO42- is above 10 (Rinzema et al., 1988). In some cases, sulphate addition is beneficial
to methane production by boosting the degradation of propionic acid (Li et al., 2015a).
Thus, further studies are necessary to investigate the effect of sulphate increase on the
performance of AnMBR.
2.5.5

Membrane fouling

Membrane fouling is a persistent challenge to the advancement of AnMBR given
membrane material costs and energy demands for fouling control and cleaning. Fouling
results from the accumulation of inorganic and organic foulants internally in membrane
pores and externally on the membrane surface. Membrane fouling can reduce flux,
increase transmembrane pressure, and consequently necessitate chemical cleaning or
membrane replacement. The primary foulants of interest in AnMBR include suspended
biomass, colloidal solids, SMP, EPS, attached cells, and inorganic precipitates, such as
struvite (Smith et al., 2012b). Jun et al. (2017) reported that long-term operation (around
700 days) of AnMBR encountered frequent, sudden irreversible fouling due to
biologically induced mineral scaling, thus, intense chemical cleaning was required to
recover membrane permeability.
Membrane fouling during AnMBR treatment is governed mainly by membrane
properties and operational conditions (e.g. water flux, temperature, HRT, and SRT),
hydrodynamics, and sludge characteristics. For instances, Lin et al. (2009) has shown
that the filtration resistance in thermophilic AnMBR was about 5 – 10 times higher than
that of the mesophilic system when operated under similar hydrodynamic conditions.
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This observation was due to more SMP, biopolymer clusters, and fine flocs (< 15 mm)
being formed under the thermophilic conditions. Huang et al. (2011a) reported that a
decrease in HRT enhanced biomass growth and SMP accumulation, while longer SRT
reduced the flocculation of particulates and particle size, thereby aggravating membrane
fouling. Thus, membrane fouling in AnMBR can be potentially mitigated to some extent
by optimising the operational conditions.
Several techniques have been developed to control and clean membrane fouling during
AnMBR operation. In side-stream AnMBR, high cross-flow velocity can reduce foulant
build-up on the membrane surface; while fouling control is typically accomplished
through biogas sparging for the submerged configuration. Stuckey (2012) reported that
the addition of powdered or granular activated carbon could effectively reduce
membrane fouling in AnMBR, however, their long-term effects membrane integrity
have yet been investigated. In addition, wastewater pre-treatment, membrane relaxation,
and sub-critical flux operation can also control membrane fouling for AnMBR.
Despite effective strategies to control fouling, membrane cleaning is still necessary.
Membrane cleaning includes physical, chemical, and biological schemes. Physical
membrane cleaning can be achieved by backwashing, surface flushing, and
ultrasonication (Lin et al., 2013). Chemical cleaning is necessary to further remove
fouling layers using suitable agents, such as sodium hypochlorite, hydrochloric acid,
nitric acid, citric acid, sodium hydroxide, and EDTA for target foulants. Chemicallyassisted backwashing has also been developed to enhance membrane cleaning for
AnMBR. Nevertheless, chemicals that can diffuse back to the bioreactor may inhibit the
microbial activity and then biological performance of AnMBR. Mei et al. (2017)
reported that utilising 12 mmol/L NaOH to assist in-situ membrane backflush did not
adversely affect AnMBR treatment performance given the alkali consumption by
anaerobic biomass and buffering capacity of the mixed liquid.
2.5.6

Membrane stability

Chemically and biologically stable polymeric materials are commonly used to fabricate
robust membranes for MBR applications. These polymeric materials mainly include
polytetrafluoroethylene, polyvinylidenefluoride, and polypropylene (Alkhudhiri et al.,
2012). Thus, membrane degradation is not a concern for conventional MBR using the
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existing low retention UF or MF membranes. By contrast, membrane integrity is a
major issue for FO when integrating with biological processes.
Currently commercial FO membranes are made of either cellulose or polyamide. Chen
et al. (2014b) observed a sudden increase in the electrical conductivity of the mixed
liquor (over 20 times) after an AnOMBR using a CTA FO membrane was operated for
76 days. They also attributed this observation to membrane biodegradation or hydrolysis
in the bioreactor.
Both cellulose and polyamide membranes are susceptible to biological and chemical
degradation. Cellulose membrane itself can become a substrate for microbial growth.
Polyamide TFC membranes appears to be more persistent to biodegradation and
hydrolysis than cellulose based membranes (Choi et al., 2005). Nevertheless, some
microbial species, such as strains of Pseudomonas sp., in activated sludge may
biodegrade polyamides by producing extracellular enzymes to hydrolyse amide bonds
(Yamano et al., 2008). On the other hand, polyamide membranes are more susceptible
to chemical attack by oxidising agents such as chlorine (Simon et al., 2009).
Membrane stability determines the product water quality and the sustainability of
AnMBR. Thus, it is essential to develop techniques to prevent biological and chemical
degradation of membranes in AnOMBR operation. New and robust membrane materials
are required to facilitate the integration of FO with AnMBR for resource recovery.
Module modification to allow for in-situ membrane cleaning can also potentially control
membrane biodegradation (Choi et al., 2002).

2.6 Future perspectives
AnMBR has a proven capability and can offer a unique opportunity to achieve
simultaneous wastewater treatment and resource recovery. However, the adoption and
commercialisation of AnMBR at an industrial scale is still pending due to the challenges
discussed above. Thus, future research should be dedicated to address these issues for
the further development of AnMBR.
FO is a promising approach to produce clean water and pre-concentrate wastewater to
the level suitable for AnMBR treatment (Ansari et al., 2017). Yet, FO technology is still
in the early stage of development and requires research efforts for the realisation of full40

scale implementation. Moreover, wastewater pre-concentration results in the enrichment
of some inhibitory substances (salts, free ammonia, and sulphate) to AnMBR. Thus,
techniques for the removal of these inhibitory substances should be developed to secure
the performance of AnMBR for treating concentrated wastewater.
Membrane fouling in AnMBR is often more severe than for aerobic MBR due to the
absence of aeration and lower sludge filterability (Skouteris et al., 2012). Thus,
advanced techniques to control membrane fouling during AnMBR operation should be
developed in addition to the optimisation of operational parameters. Using a low fouling
alternative, such as FO, is a potential strategy, which can also enhance contaminant
removal in comparison to MF and UF membranes that are commonly used for AnMBR.
Compared to membrane fouling, little is known about the stability of membranes during
AnMBR operation. In AnMBR, membranes are exposed to biologically active
conditions with biomass concentration typically higher than 10 g/L. Moreover, given
the severity of membrane fouling in AnMBR operation, frequent membrane cleaning
with harsh chemicals may be necessary to maintain water production. Thus, it is
important to understand membrane degradation in AnMBR operation and develop
mitigation strategies to prolong membrane lifespan.
Several techniques have been proposed to further purify AnMBR effluent for clean
water production and/or nutrient recovery. They include membrane filtration, ion
exchange, electrodialysis, biological processes (e.g. photosynthetic bioreactor),
advanced oxidation processes, and electrocoagulation. Nevertheless, further work is
needed to evaluate the techno-economic feasibility of these processes in integration with
AnMBR to determine an appropriate framework that can facilitate practical application
of AnMBR for wastewater treatment and resource recovery. Moreover, the agronomic
availability of recovered nutrients should be assessed to emphasize AnMBR potential
for resource recovery from wastewater.
Recovering dissolved CH4 from effluent is also strategically important to broaden
AnMBR applications towards low organic content wastewater. Recent studies have
demonstrated that the promise of membrane-based processes for the recovery of
dissolved CH4 from AnMBR effluent (Cookney et al., 2016; Crone et al., 2016;
Sethunga et al., 2018), while their economic feasibility has not yet been fully evaluated.
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Moreover, micro-porous membranes used for gas stripping are threatened by membrane
fouling and wetting. As such, continued efforts should be devoted to the development of
gas-permeable membranes suitable for CH4 fraction from AnMBR effluent.

2.7 Conclusion
AnMBR has the potential to revolutionise current wastewater treatment facilities for
simultaneous recovery of clean water, energy, and nutrients. Such revolution can be
accelerated by continued efforts to concentrate municipal wastewater to the level
suitable for AnMBR treatment and subsequent resource recovery. Issues associated with
salinity build-up, membrane stability and fouling, and the occurrence of inhibitory
substances (e.g. free ammonia and sulphate) need to be addressed to advance AnMBR
for water reuse and resource recovery. Successful recovery of clean water, energy and
nutrient also requires the integration between AnMBR and other complementary
processes.
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CHAPTER 3: EFFECTS OF SALINITY BUILD-UP ON
THE PERFORMANCE OF AN ANAEROBIC
MEMBRANE BIOREACTOR REGARDING BASIC
WATER QUALITY PARAMETERS AND THE
REMOVAL OF TRACE ORGANIC CONTAMINANTS
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F.I., Ngo, H.H., Guo, W., Nghiem, L.D. 2016. Effects of salinity build-up on the
performance of an anaerobic membrane bioreactor regarding basic water quality
parameters and removal of trace organic contaminants. Bioresource Technology, 216,
399-405.
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3.1 Introduction
Water scarcity is a significant challenge to the sustainable development of our society.
This issue is further exacerbated by climate change, population growth, industrialization
and urbanization, and environmental pollution (Shannon et al., 2008c). Moreover, an
increasing number of trace organic contaminants (TrOCs) including pharmaceuticals
and personal products, endocrine disrupting compounds, and pesticides, are being
released to the aquatic environmental through sewage effluent discharge and other
human activities. This continuous release of TrOCs can compromise our limited water
resources for drinking water supply (Schwarzenbach et al., 2006a). As a result, much
attention has been dedicated to the removal of TrOCs during wastewater treatment and
to exploring alternative water sources including wastewater to protect and increase the
water supply.
Membrane bioreactor (MBR) is a promising technology for wastewater treatment and
water reuse (Judd et al., 2011; Hai et al., 2014b; Jegatheesan et al., 2016). Recent
studies have shown that MBR can have higher removal of some TrOCs in comparison
to conventional activated sludge treatment (De Wever et al., 2007b; Melvin et al., 2016).
The observed enhanced TrOC removal can be attributed to the prolonged solid retention
time (SRT) and high biomass concentration in the MBR systems (Hai et al., 2014b). It is
noteworthy that the removal of TrOCs by MBR investigated in most of previous studies
was under aerobic conditions.
MBR can also be deployed in an anaerobic configuration (i.e. AnMBR) (Liao et al.,
2006b; Lew et al., 2009b; Skouteris et al., 2012). Compared to its aerobic counterpart,
AnMBR is much more energy efficient due to the absence of aeration and enables the
treatment of high strength wastewater with less sludge production (Skouteris et al.,
2012). More importantly, biogas can be produced for beneficial use during AnMBR
treatment. As a result, AnMBR has attracted much research interest over last decade and
its industrial application is increasing remarkably (Lin et al., 2013). Most AnMBR
studies have focused on the treatment of high strengh industrial wastewater (Saddoud et
al., 2009; Stamatelatou et al., 2009; Dereli et al., 2012). Compared to industrial
waswater, municipal wastewater has much lower strength due to its dilution nature.
Thus, anaerobic treatment may not suit to treat municipal wastewater given its long
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operating hydraulic retention time (HRT), energy requirement to maintain a mesophilic
digestion temperature (approximately 35 °C), and large wastewater volume (Lew et al.,
2009b; Hai et al., 2014b).
Recent interest to simultaneously recover energy and clean water during wastewater
treatment has spurred new research to adapt AnMBRs for municipal wastewater
treatment. One viable technique is to pre-concentrate the organic content (usually
measured as chemical oxygen demand (COD)) of municipal wastewater to a range
suitable for anaerobic treatment (Diamantis et al., 2013). This aim can be achieved by
directly extracting clean water from municipal wastewater using either forward osmosis
or other high-retention membrane processes, resulting in a concentrated sewage solution
(Xie et al., 2013; Zhang et al., 2014a). However, the pre-concentration process prior to
AnMBRs also entails the build-up of salinity in the concentrated municipal wastewater
(Ansari et al., 2015b). Moreover, since a high-retention membrane process can
effectively retain TrOCs (Luo et al., 2014a), their concentrations in pre-concentrated
wastewater prior to AnMBR can be an order of magnitude higher than those in the
initial wastewater solution. In addition, varying salinity of municipal wastewater also
occurs in coastal regions due to seawater infiltration to sewers or when sewer systems
receive discharges from industrial processes that involve saline water, such as seafood
and cheese production (Yogalakshmi et al., 2010).
High salinity wastewater is a challenge to biological treatment (Lay et al., 2010).
Elevated salinity can negatively affect the performance of aerobic MBR by inhibiting
microbial activity and growth (Yogalakshmi Joseph, 2010). An increase in the osmotic
stress can result in the dehydration and plasmolysis of microbial cells and thus their
inactivity (Wood, 2015). Nevertheless, microbial acclimatization can lead to the
succession of halotolerant and even halophibic bacteria, thereby gradually recovering
the treatment performance (Luo et al., 2016). However, compared to aerobic MBR, little
is known about the effects of high salinity on the performance of anaerobic MBR.
This chapter aims to investigate the effects of salinity build-up on the performance of
AnMBR, particularly in terms of TrOC removal. Salinity build-up was stimulated by
increasing the influent NaCl loading from 0 to 15 g/L. Basic performance of AnMBR
was evaluated with respect to bulk organic removal, biomass growth, and
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biogas/methane production. Removal of TrOCs by AnMBR under the elevated salinity
condition was related to their physicochemical properties, such as hydrophobicity and
molecular structure. Results in this study provide insight into the management of saline
wastewater before AnMBR treatment.

3.2 Materials and methods
3.2.1

Synthetic wastewater and trace organic contaminants

A synthetic wastewater (Table 3-1) with approximately 6,000 mg/L COD was used to
simulate high strength municipal wastewater and to maintain stable influent conditions.
A concentrated stock solution was prepared every 5 days and kept at 4 °C. The synthetic
wastewater was prepared daily by diluting the concentrated stock solution with
deionized water.
Table 3-1: Composition of the synthetic wastewater fed to AnMBR
Chemicals

Chemical formula

Concentration (mg/L)

Glucose

C6H12O6

4000

Peptone

-

750

Potassium dihydrogen phosphate

KH2PO4

175

Magnesium chloride

MgCl2

175

Sodium acetate

CH3COONa

2250

Urea

CO(NH2)2

175

Ferrous chloride

FeCl2·4H2O

45

Nickel chloride

NiCl2·6H2O

10

Cobalt chloride

CoCl2·6H2O

6

Ammonium molybdate

(NH4)6Mo7O24·4H2O

4

A set of 33 TrOCs were selected in this study. These TrOCs represent four key groups
of emerging contaminants of significant concern that are ubiquitous in municipal
wastewater (i.e. pharmaceuticals, personal care products, industrial chemicals, and
pesticides), Key properties, including hydrophobicity and molecular structure, of these
TrOCs are summarized in Table 3-2. These TrOCs can be classified as hydrophobic or
hydrophilic depending on their effective octanol-water partition coefficient (denoted as
Log D). Compounds with Log D at solution pH 7 higher than 3.2 are hydrophobic
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whereas compounds with Log D at solution pH 7 lower than 3.2 are hydrophilic in a
neutral condition (Tadkaew et al., 2011). These compounds were purchased from
Sigma-Aldrich (St. Louis, MO). They are of analytical grade with purity of 99% or
higher. A stock solution containing all 33 TrOCs (10 mg/L of each) was prepared in
pure methanol and stored at -18 °C in the dark. The stock solution was used within one
month. Regular measurements were conducted to confirm the constant concentration of
the TrOC stock solution.
Table 3-2: Physicochemical properties of 33 selected trace organic contaminants.

Compounds

Chemical
formula

Log D
at pH = 7

MW
(g/mol)

Caffeine

C8H10N4O2

-0.63

194.19

Bisoprolol

C18H31NO4

-0.54

325.44

Enalapril

C20H28N2O5

-0.14

376.45

Sucralose

C12H19Cl3O8

0.23

397.63

Trimethoprim

C14H18N4O3

0.27

290.32

Paracetamol

C8H9NO2

0.47

151.16

Meprobamate

C9H18N2O4

0.7

218.25

Naproxen

C14H14O3

0.73

230.26

Primidone

C12H14N2O2

0.83

218.25

Ibuprofen

C13H18O2

0.94

206.28

Chemical structure
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Triamterene

C12H11N7

1.03

253.26

Carazolol

C18H22N2O2

1.12

298.38

TCEP

C6H12Cl3O4 P

1.47

285.49

Carbamazepine

C15H12N2O

1.89

236.27

Verapamil

C27H38N2O4

2.08

454.6

Hydroxyzine

C21H27ClN2O2

2.15

374.9

Amtriptyline

C20H23N

2.28

277.403

Simazine

C7H12ClN5

2.28

201.66

DEET

C12H17NO

2.42

191.27

Atrazine

C8H14ClN5

2.64

215.68

Diuron

C9H10Cl2N2O

2.68

233.09

Diazepam

C16H13ClN2O

2.8

284.74

Propylparaben

C10H12O3

2.88

180.2

Linuron

C9H10Cl2N2O2

3.12

249.09

Clozapine

C18H19ClN4

3.23

326.82
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Phenylphenol

C12H10O

3.29

170.21

Butylparaben

C11H14O3

3.38

194.23

Bisphenol A

C15H16O2

3.64

228.29

Diazinon

C12H21N2O3PS

3.77

304.35

t-Octylphenol

C14H22O

5.18

206.32

Triclosan

C12H7Cl3O2

5.28

289.54

Triclocarban

C13H9Cl3N2O

6.07

315.58

Nonylphenol

C15H24O

6.14

220.35

Source: SciFinder Scholar (ACS) database.
3.2.2

Experimental system and protocol

A lab-scale AnMBR system was used in this study (Figure 3-1). This system comprised
a 30 L stainless steel bioreactor, an external ceramic microfiltration (MF) membrane
module (NGK, Japan), and several peristaltic and circulation pumps. The bioreactor was
made of stainless steel with an effective working volume of 20 L and a head space of 8
L in case of unexpected foaming in the reactor. A peristaltic pump (Masterflex L/s,
USA) controlled by a water level sensor (Omron, Japan) was used to feed the bioreactor.
An industrial grade hose pump (ProMinent, Australia) was used to circulate the mixed
liquor from the bottom to the top of the bioreactor to maintain a well-mixed condition.
A peristaltic pump (Masterflex L/s, USA) was used to circulate the mixed liquor
through a ceramic MF membrane (NGK, Japan), which was housed in an external
column module, and then back to the bioreactor. A ceramic membrane was used
because of its resistance to corrosive chemicals, such as cleaning reagents and harsh
environmental conditions, such as high temperature used for chemical cleaning. The MF
membrane had a pore size of 0.1 µm and an effective area of 0.09 m 2. Another
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peristaltic pump (Masterflex L/s, USA) was operated to extract water out of the
membrane in a suction and relaxation cycle of 14 min on and 1 min off, respectively.
This operational cycle was employed to alleviate membrane fouling by providing
relaxation time.
The bioreactor was wrapped with a rubber hose, which was connected to a proportionalintegral-derivative controlled heater (Neslab RTE7, Thermo Scientific, USA), to
maintain the mixed liquor temperature at 35 °C. The bioreactor and all pipelines were
insulated with polystyrene foam to minimize heat loss. A biogas counter was used to
measure the rate of biogas production. A Tedlar sampling bag was also used to collect
biogas for composition analysis. A detailed description of this system is also available
elsewhere (Wijekoon et al., 2015).

Figure 3-1: Schematic diagram of the anaerobic membrane bioreactor (AnMBR)
system.
Anaerobic sludge collected from the Wollongong Wastewater Treatment Plant was used
to inoculate the bioreactor with feeding the synthetic wastewater described above for
over 12 months. Once acclimatized in term of bulk organic removal (i.e. COD removal >
96%), TrOCs were spiked into the synthetic wastewater on a daily basis to obtain a
working concentration of 2µg/L of each compound. The initial mixed liquor suspended
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solids (MLSS) concentration was adjusted to approximately 16 g/L. Salinity build-up in
the bioreactor was induced by increasing the influent NaCl loading from 0 to 15 g/L
with an increase of 1 g/L per day (Figure 3-2). To allow microbial acclimatization to
the salinity stress, the influent salt salinity was maintained at 5, 10, and 15 g/L NaCl for
two weeks. The MF membrane was operated in a cycle of 14 min suction and 1 min
relaxation with a water flux of 1.8 L/m2h, which resulted in an operating HRT of 5 days.
The low water flux and relaxation time was provided to reduce membrane fouling. No
sludge was wasted in this study, except for regular sludge sampling, which led to an
operating SRT of 140 days. Sodium acetate (3 – 5 g) was added to maintain the
bioreactor pH at 7. The MF membrane was chemically cleaned once a month by using a
20 mg/L NaOH solution at 70 ± 1 °C and then completely rinsed with deionized water.
This cleaning procedure could completely recover the membrane permeability
determined by the measured transmembrane pressure and water flux with deionized
water as the feed.
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Figure 3-2: Increase in the mixed liquor electrical conductivity induced by an increase
in the influent NaCl concentration.
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3.2.3

Analytical methods

3.2.3.1 Basic measurements
MLSS and mixed liquor volatile suspended solids (MLVSS) concentrations were
measured according to the Standard Methods for Examination of Water and Wastewater
(APHA, 2005). Total organic carbon (TOC) and total nitrogen (TN) were analysed
using a TOC/TN-VCSH analyser (Shimadzu, Japan). COD was measured using high
range plus digestion vials (Hatch, USA) following the standard dichromate method.
Mixed liquor electrical conductivity and pH were monitored by an Orion 4 Star Plus
portable pH/conductivity meter (Thermo Scientific, USA). Biogas composition was
revealed by a biogas meter (Biogas 5000, Geotech, UK).
3.2.3.2 TrOC analysis
Aqueous samples (250 mL) were taken twice (once per week) from the feed and
permeate when the salinity was stabilized at 0, 5, 10, and 15 g/L NaCl to analyse TrOC
concentrations based on the method described previously by Tadkaew et al. (2011).
Briefly, this method involved solid phase extraction (SPE), liquid chromatography, and
quantitative measurement by tandem mass spectrometry with electrospray ionization.
All samples were spiked with a surrogate solution that contained 50 ng of each TrOC in
an isotopically labelled version. The use of isotope dilution allows for SPE efficiency
correction and complete elimination of any matrix effects (Trenholm et al., 2006). Oasis
HLB cartridges (Waters, Millford, MA, USA) used for TrOC extraction were
preconditioned using 5 mL methyl tert-butyl ether, 5 mL methanol, and 5 mL reagent
water (two times). The cartridges were rinsed twice with 5 mL reagent water after SPE
and then processed for nitrogen drying.
TrOCs were eluted from the loaded cartridges using 5 mL methanol (99.8%), and then 5
mL mixture of methanol and methyl tert-butyl ether (1:9, v/v). Resultant extracts were
concentrated to 100 µL by using nitrogen stream, which were subsequently diluted to 1
mL with methanol. The diluted extracts were processed to a high performance liquid
chromatography (Agilent 1200 series, Palo Alto, CA, USA) with a Luna C18 (2)
column (Phenomenex, Torrence CA, USA) for TrOC separation. Peaks of different
TrOCs were identified and quantified by an isotope dilution method using a triple
quadrupole mass spectrometer (API 4000, Applied Biosystems, Foster City, CA, USA)
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equipped with a turbo-V ion source that was employed in both positive and negative
electro-spray modes. This measurement method had a limit of quantification of 20 ng/L
for bisphenol A, 10 ng/L for caffeine, triclocarban and diuron, and 5 ng/L for all other
TrOCs.
The removal of TrOCs by the AnMBR system was determined from:
R=

𝐶𝑓 − 𝐶𝑝
× 100%
𝐶𝑓

where 𝐶𝑓 and 𝐶𝑝 were the measured TrOC concentrations in the feed and permeate,
respectively.
TrOCs resided in the sludge were measured twice (once per week) when the salinity
was stabilized at 0, 5, 10, and 15 g/L NaCl based on a method previously reported by
Wijekoon et al. (2013). In brief, the mixed liquor was centrifuged at 3750g for 20 mins
to obtain sludge pellet, which was then freeze-dried using a Freeze Dryer (Alpha 1–2
LDplus, Christ GmbH, Germany). The dried sludge was completely ground and 0.5 g
sludge powder was mixed with 5 mL methanol in a glass valve using a vortex mixer
(VM1, Ratek, Australia). The mixture was ultrasonicated at 40 °C for 10 min and then
centrifuged (3270g for10 min). The supernatant was collected while the remaining
pellet was mixed with 5 mL dichloromethane and methanol mixture (1:1, v/v), and then
processed for ultrasonication and centrifugation. Supernatant collected from these two
steps was purged with nitrogen gas to removed residual methanol and dichloromethane,
and then diluted to 250 mL with Milli-Q water for TrOC analysis using the method
described above for aqueous samples.

3.3 Results and discussion
3.3.1

Basic performance

3.3.1.1 Removal of bulk organic matter
A small variation in the TOC removal by AnMBR was observed as the bioreactor
salinity increased (Figure 3-3). At baseline condition (i.e. negligible salinity in the
bioreactor), the TOC removal was constant at approximately 98%. When salinity in the
bioreactor increased to 5 g/L NaCl, the TOC removal decreased to 82%. This observed
decrease was temporary and could be attributed to the negative effect of the elevated
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bioreactor salinity on the digester activity. It has been reported that salinity increase
could result in cell plasmolysis and the loss of metabolic activity either in anaerobic or
aerobic conditions (Lay et al., 2010). Similar to that in aerobic MBR systems, microbial
acclimatization to the saline condition recovered the TOC removal to the initial level
(i.e. 98% removal). No further significant impact on the TOC removal was observed
even when the bioreactor salinity was continuously increased up to 15 g/L NaCl.
The elevated bioreactor salinity reduced the COD removal by AnMBR, particularly
above 10 g/L NaCl (Figure 3-3). Similar to the TOC removal, at baseline conditions (i.e.
negligible salinity in the bioreactor), the COD removal was more than 98%. There was
no notable effect on the COD removal as the bioreactor salinity increased to less than 10
g/L NaCl. This observation was in good agreement with that reported by Gu et al. (2015)
who reported that the biological COD removal was relatively stable although the mixed
liquor electrical conductivity increased up to 20 mS/cm (corresponding to
approximately 10 g/L NaCl) during the operation of an anaerobic osmotic membrane
bioreactor (AnOMBR) at a mesophilic condition. However, a dramatic decrease in the
COD removal (to approximately 80%) was observed when the bioreactor salinity rose
beyond 10 g/L NaCl (Figure 3-3). Previous studies have also reported the negative
impact of such high salinity on the COD removal by anaerobic processes, such as
upflow anaerobic sludge blanket reactor (Aslan et al., 2016) and sequential anaerobic
and aerobic treatment (Shi et al., 2014). Although there was some evidence of treatment
recovery possibly due to microbial acclimatization, the downward trend of COD
removal under highly saline conditions (i.e. salinity >10 g/L NaCl) persisted. These
results suggest that salinity build-up in the bioreactor beyond 10 g/L NaCl could
adversely affect the AnMBR performance.
Results in Figure 3-3 show that AnMBR exhibited different variations in the removal of
TOC and COD in response to the salinity increase. This difference was possibly due to
the susceptibility of microbial communities (that were responsible for the
biodegradation of un-oxidisable organic matter) to the low saline stress. Nevertheless,
further studies are necessary to track changes in microbial community structure in
response to the elevated bioreactor salinity during AnMBR treatment.
Without a nitrification step, TN removal by anaerobic digesters is limited and mainly
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relies on microbial assimilation. In this study, a significant decrease in the TN removal
was observed at the beginning of AnMBR operation without NaCl addition (Figure 3-3).
The reason for such decrease is not clear, but was probably due to the adverse impacts
of methanol (used to dissolve TrOCs) on nitrogen assimilation by digesters. As the
bioreactor salinity gradually increased up to 15 g/L NaCl, the TN removal only
fluctuated in the range of 10 – 20%.
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Figure 3-3: Effect of salinity build-up on the removal of organic matter (i.e. TOC, TN,
and COD) by the AnMBR. Salinity build-up was simulated by increasing the feed NaCl
loading from 0 to 15 g/L. Experimental conditions: HRT = 5 d; mixed liquor pH = 7 ±
0.1; temperature = 35 ± 1 °C.
3.3.1.2 Biogas production
Biogas production was relatively stable (0.4 – 0.6 L/g CODloaded) in response to an
increase in bioreactor salinity during AnMBR operation (Figure 3-4). Only a small
decrease was observed as the salinity increased to above 10 g/L NaCl. This observation
is consistent with the decreased COD removal at such high salinity (Figure 3-3).
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Nevertheless, the methane composition in the produced biogas was stable in the range
of 58 – 65% over the entire experimental period (Figure 3-4), which is similar to that
reported previously (Wijekoon et al., 2015), where the AnMBR system was operated for
over 140 days under the same conditions but without loading NaCl in the feed. These
results indicate that salinity build-up in bioreactor (up to 15 g/L NaCl) may not
significantly affect the bioactivity of methanogensis. Gu et al. (2015) also observed a
stable methane yield regardless of salinity build-up in the bioreactor during AnOMBR
operation.
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Figure 3-4: Effect of salinity build-up on biogas production and methane content during
AnMBR operation. Salinity build-up was simulated by increasing the feed NaCl
concentration from 0 to 15 g/L. Experimental conditions are as described in the caption
of Figure 3-1.
3.3.1.3 Biomass concentration
The MLSS and MLVSS concentrations at different NaCl loading are shown in Figure
3-5. At the baseline condition (i.e. < 5 g/L NaCl), both MLSS and MLVSS fluctuated
slightly and the MLVSS/MLSS ratio was constant at around 0.7. When the bioreactor
salinity increased to beyond 10 g/L NaCl, a considerable increase in MLSS from about
16 g/L to 22 g/L could be observed. This increase could be attributed to the addition of
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inorganic salts to the sludge. A gradual reduction in MLVSS was also noticeable when
salinity in the bioreactor increased. Results in Figure 3-5 are consistent with a previous
hypothesis by that at above 10 g/L NaCl, microorganisms that are responsible for the
biodegradation of organic matter during wastewater treatment can be suppressed (Lay et
al., 2010). Similar observation has also been reported with aerobic activated sludge
treatment.
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Figure 3-5: Effect of salinity build-up on sludge production during AnMBR operation.
Salinity build-up was simulated by increasing the feed NaCl loading from 0 to 15 g/L.
Experimental conditions are as described in the caption of Figure 3-1.
3.3.2

Removal of trace organic contaminants

A qualitative framework has been previously developed and evaluated by Wijekoon et
al. (2015) to predict the removal of various TrOCs by AnMBR based on their
physicochemical properties, mainly including hydrophobicity and molecular structure.
A similar predictive framework has also been widely applied to evaluate TrOC removal
by aerobic MBR (Tadkaew et al., 2011). As noted in Section 3.2.1, the 33 TrOCs
65

selected in current study could be classified as hydrophobic (i.e. Log D > 3.2) and
hydrophilic (i.e. Log D < 3.2). Therefore, the removal of TrOCs by AnMBR under the
elevated bioreactor salinity was related to their physicochemical properties based on
these predictive frameworks (Figure 3-6).
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Figure 3-6: Effects of salinity build-up on the removal from the aqueous phase of (a)
hydrophobic (i.e. compounds with Log D > 3.2 at pH 7) and (b) hydrophilic (i.e.
compounds with Log D < 3.2 at pH 7. Error bars represent the standard deviation of
four measurements over four weeks.
3.3.2.1 Removal of hydrophobic trace organic contaminants
The removal of hydrophobic TrOCs (with Log D > 3.2 at pH 7) by AnMBR was higher
than 80% with a few exceptions (including phenylphenol, bisphenol A, and triclosan)
(Figure 3-6a). More importantly, despite the decreasing active digester concentration
(Figure 3-5), the removal of most of these hydrophobic TrOCs was not significantly
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affected by the elevated bioreactor salinity. The high removal of these compounds could
be attributed to their effective adsorption onto sludge, which could increase their
biodegradation (Monsalvo et al., 2014b; Wijekoon et al., 2015).
Relatively low removal rates were observed for three hydrophobic compounds,
including phenylphenol, bisphenol A, and triclosan (Figure 3-6a). The removal of
phenylphenol was only 60% at baseline salinity (i.e. no NaCl addition) and decreased
further at the bioreactor salinity higher than 10 g/L NaCl. Such low removal could be
due to the relatively low hydrophobicity of phenylphenol (Log D = 3.3 at pH7). By
contrast, the removal of clozapine (which had a lower hydrophobicity than
phenylphenol) was in the range of 80 – 98% although a small decrease was observed
with salinity increase. The observed difference in the removal of these two compounds
likely results from their different biodegradability, which determines the mineralization
of TrOCs in biological treatment. Bisphenol A was poorly removed and its removal rate
reduced from 40 to 20% as the bioreactor salinity climbed from negligible to 15 g/L
NaCl. The low removal of bisphenol A is consistent with that reported by Monsalvo et
al. (2014b) and could be ascribed to its low adsorption onto sludge although it had a
relative high hydrophobicity (Log D = 3.6 at pH 7). On the other hand, the removal of
triclosan increased from 40 to 60% with salinity increase up to 15 g/L NaCl. This result
was possibly due to the enhanced adsorption of triclosan on the digesters as salinity
increased (Figure 3-7a).
3.3.2.2 Removal of hydrophilic trace organic contaminants
The removal of hydrophilic TrOCs (Log D < 3.2 at pH 7) varied significantly during
AnMBR operation at baseline salinity (i.e. negligible salinity in the bioreactor) (Figure
3-7b). This result is in good agreement with that reported by Wijekoon et al. (2015) who
attributed such varying removal to the different biodegradability of these hydrophilic
TrOCs, which was further determined by their molecular structures. Similar results have
also been reported in anaerobic MBR treatment (Tadkaew et al., 2011). In this study,
several

hydrophilic

TrOCs,

including

trimethoprim,

carazolol,

hydroxyzine,

amitriptyline, and linuron, were highly removed (with removal rates above 80%). Such
effective removal was due to their high biodegradability with presence of electron
donating functional groups, such as hydroxyl and amine, in the molecular structure
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(Table 3-2). On the other hand, relative low removal rates were observed for other
hydrophilic TrOCs due to their resistance to anaerobic biodegradation because of the
presence of electro withdrawing groups (e.g. chlorine and amide) in their molecular
structures (Wijekoon et al., 2015).
The elevated bioreactor salinity significantly reduced the removal of most hydrophilic
TrOCs (Figure 3-6b). Similar results have also been reported by Luo et al. (2015)
although an aerobic MBR with activated sludge was used in their study. These results
suggest that the inhibition of sludge metabolic activity caused by salinity build-up in the
bioreactor could adversely affect the removal of hydrophilic TrOCs under both aerobic
and anaerobic conditions. Nevertheless, a decrease but subsequent increase in the
removal rate was observed for trimethoprim. This observation could be attributed to the
acclimatization of microbial species that were responsible for trimethoprim
biodegradation to the saline stress.
Of the 24 hydrophilic TrOCs investigated in this study, the removal of three compounds
(i.e. verapamil, hydroxyzine, and simazine) increased with salinity build-up in the
bioreactor. The enhanced removal of verapamil and hydroxyzine could be attributed to
an increase in their adsorption onto sludge as the bioreactor salinity elevated (Figure
3-7b). Luo et al. (2015) reported that microbial response to salinity build-up could
increase the secretion of extracellular polymeric substances and thus enhance sludge
hydrophobicity. By contrast, the adsorption of simazine was consistently negligible over
the entire experimental period. Therefore, the increased overall removal of simazine by
AnMBR was possibly due to the development of salt-tolerant bacteria that specifically
target the compound. Nevertheless, future studies are needed to relate such removal
behaviours to the variation of microbial community structure in response to the elevated
bioreactor salinity.
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Figure 3-7: Effect of salinity build-up on the residual accumulation of (a) hydrophobic
and (b) hydrophilic TrOCs in the sludge phase during AnMBR operation. Error bars
represent the standard deviation of four measurements over four weeks.
3.3.2.3 Adsorption of trace organic contaminants onto sludge
Hydrophobicity and biodegradability of TrOCs are important factors determining their
residuals in the sludge. In this study, the accumulation of hydrophobic TrOCs was
relatively low in the digesters, although they were supposed to highly adsorb onto
sludge (Figure 3-7a). This observation could be attributed to the readily biodegradable
nature of these compounds. A fluctuated but discernable increase in the residual content
was observed for several compounds in response to the elevated bioreactor salinity.
These compounds included clozapine, bisphenol A, triclosan, triclocarban, and
nonylphenol. Of the five compounds, the increased accumulation in the sludge was
more significant for clozapine and bisphenol A, possibly due to their disrupted
biodegradation at high salinity (Figure 3-6a). On the other hand, the digesters might be
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more hydrophobic at high salinity condition, thereby enhancing the adsorption of
triclosan, triclocarban, and nonylphenol, which were highly hydrophobic.
No significant accumulation in the sludge was observed for hydrophilic TrOCs, with a
few exceptions, including carazolol, verapamil, hydroxyzine, and amitriptyline (Figure
3-7b). This result is consistent with that reported by Stevens-Garmon et al. (2011) and
Wijekoon et al. (2015) who attributed the notable accumulation of these four
compounds onto sludge to their moderate hydrophobicity, modest biological persistence,
and negative charge. Moreover, the elevated bioreactor salinity could decrease their
biodegradation (indicated by the decreased removal by AnMBR) and thus increased
their residue in the digesters (Figure 3-7b).

3.4 Conclusion
Results reported here show that elevated bioreactor salinity negatively affected the
performance of AnMBR for wastewater treatment. Both bulk organic removal
(indicated by TOC and COD) and biogas/methane production decreased as the
bioreactor salinity increased to above 10 g/L NaCl. Of the 33 TrOCs investigated here,
the high salinity reduced the removal of most hydrophilic compounds, but
insignificantly affected the removal of hydrophobic ones by AnMBR. Moreover, slight
impacts on TrOC residues in the sludge were observed with salinity increase. These
results suggest that pre-treatment of saline wastewater may be required to ensure the
effectiveness and sustainability of AnMBR treatment.
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CHAPTER 4: EFFECTS OF SULPHUR ON THE
PERFORMANCE OF AN ANAEROBIC MEMBRANE
BIOREACTOR: BIOLOGICAL STABILITY,
CONTAMINANT REMOVAL, AND MEMBRANE
FOULING

This chapter was published as: Song, X.; Luo, W.; McDonald, J.; Khan, S.J.; Hai, F.I.;
Guo, W.; Ngo, H. H.; Nghiem, L. D., 2018. Effects of sulphur on the performance of an
anaerobic membrane bioreactor: Biological stability, trace organic contaminant
removal, and membrane fouling. Bioresource Technology, 250, 171-177.
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4.1 Introduction
Wastewater treatment and reuse is essential to protect public health and secure a
sustainable water supply (Shannon et al., 2008c). Nevertheless, wastewater treatment
and reuse is energy-intensive. It has been estimated that municipal wastewater treatment
accounts for approximately 3% electricity consumption and 5% greenhouse gas
emission on a global basis (Li et al., 2015c). In particular, most current wastewater
treatment plants (WWTPs) are based on aerobic biological processes, which require
significant energy input for aeration (Li et al., 2015c). It is noteworthy that aerobic
treatment is not a suitable platform for resource recovery, because organic carbon (a
source of energy) and nitrogen (a valuable nutrient) in wastewater are converted into
carbon dioxide and nitrogen gas, respectively (Ansari et al., 2017).
Given global efforts to curb greenhouse gas emissions, many water utilities have been
actively exploring new treatment alternatives to reduce their energy footprint and even
achieve energy self-sufficiency (Shen et al., 2015; Nghiem et al., 2017). Amongst these
potential alternatives, anaerobic treatment is particularly promising. Compared to
aerobic processes, anaerobic treatment does not only consume significantly less energy,
but also produces methane, which is a renewable fuel. Therefore, anaerobic membrane
bioreactor (AnMBR) has emerged as a promising technology to achieve energy
neutrality in future WWTPs. AnMBR integrates the membrane separation process with
anaerobic treatment to simultaneously achieve the recovery of water and energy from
waste streams. It has been well established that AnMBR has much less energy
consumption and lower sludge production in comparison with its aerobic counterpart
(Liao et al., 2006a; Lew et al., 2009a; Skouteris et al., 2012).
Currently, AnMBR has been applied mostly for the treatment of industrial waste
streams. Municipal wastewater often has a low organic carbon content, which is not
ideal for anaerobic treatment (Visvanathan et al., 2012; Judd, 2016). To overcome this
issue, several techniques to fortify municipal wastewater have been explored and
developed. They include co-digesting municipal wastewater with other high strength
waste streams, such as liquid food waste (Tuyet et al., 2016; Becker et al., 2017), and
pre-concentrating municipal wastewater by membrane processes, such as forward
osmosis (FO) (Zhang et al., 2014b; Ansari et al., 2016). Nevertheless, the co-digestion
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of food waste and municipal wastewater can undesirably increase the sulphate load to
AnMBR due to the high sulphate content of food waste (Drews et al., 2005; Meng et al.,
2009; Zhang et al., 2014b). On the other hand, the pre-concentration of municipal
wastewater by FO can also result in the enrichment of sulphate in the concentrated
stream (Ansari et al., 2017). In addition, industrial wastewater from pharmaceutical and
chemical manufacturing industry, pulp and paper production, and food processing may
also have a high sulphur content (Siles et al., 2010).
Effects of sulphate on anaerobic treatment have been demonstrated in previous studies.
High sulphate concentration can strengthen the competitiveness of sulphate reducing
bacteria over methanogenic microbes for available organic substrates, thereby reducing
biogas production during anaerobic treatment. Moreover, sulphate can induce the
precipitation of non-alkaline metals in anaerobic reactors, limiting their availability as
micro-nutrients for methane producing microbes (Oude Elferink et al., 1994; Siles et al.,
2010). In addition, sulphate reduction produces hydrogen sulphide (H2S), which is a
corrosive, malodourous, and toxic gas (Muyzer Stams, 2008; Sarti Zaiat, 2011; Park et
al., 2014). H2S can readily penetrate bacterial cell membrane and denature native
proteins inside the cytoplasm producing sulphide and disulphide cross-links between
polypeptide chains (Siles et al., 2010). It is noteworthy that the negative impact of
sulphate on anaerobic treatment may be alleviated by maintaining an adequate
COD/SO42- ratio (> 10) to provide sufficient organic substances for both methane
producing and sulphate reducing microbes (Rinzema Lettinga, 1988). In some cases,
with adequate organic matter, sulphate addition is beneficial to methane production by
promoting the degradation of propionic acid (Li et al., 2015a). Thus, in practice, the
undesirable effects of sulphur shocks on anaerobic treatment can be potentially
alleviated by adjusting the ratio between carbon- and sulphate-rich substrates.
An emerging issue in wastewater treatment and reuse is the ubiquitous occurrence of
trace organic contaminants (TrOCs) (Luo et al., 2014c). TrOCs are emerging chemicals
of significant concern that typically include but are not limited to steroid hormones,
pharmaceuticals, personal care products, surfactants, pesticides, and disinfection by
products (Ternes et al., 2004; Kummerer, 2009). They are present in wastewater and
other water bodies at trace concentrations (i.e. up to several micrograms per litre) (Luo
et al., 2014c). Although there remains uncertainty, these TrOCs can adversely impact
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the health of living organisms by inducing estrogenic, mutagenic, endocrine disrupting
and genotoxic effects (Schwarzenbach et al., 2006a).
Recent studies have demonstrated the removal of TrOCs by AnMBR. Monsalvo et al.
(2014a) investigated the removal of 38 TrOCs by AnMBR and reported over 90%
removal for nine compounds; while others were removed by less than 50%. They
further postulated that the main mechanisms of TrOC removal in AnMBR included
biodegradation, adsorption onto biosolids, and deposition onto the membrane surface.
Wijekoon et al. (2015) subsequently related the removal of TrOCs by AnMBR their
physiochemical properties, particularly hydrophobicity and molecular structure. Their
results showed that all hydrophobic compounds out of 27 TrOCs were removed by more
than 70%; while the removal of hydrophilic TrOCs varied significantly, relying on their
intrinsic biodegradability, which was further governed by their molecular structures.
However, to date, little is known about the impact of sulphate on the performance of
AnMBR, particularly the removal of TrOCs.
This chapter aims to investigate the effects of sulphur on the performance of AnMBR
with emphasis on biological stability, TrOC removal, and membrane fouling. Sulphur
content of AnMBR influent was gradually increased by adding sodium sulphate
(Na2SO4). Biological stability was evaluated in terms of biomass concentration and
biogas production. The removal of bulk organic matter and TrOCs by AnMBR was
assessed. In addition, membrane fouling profile during AnMBR operation with sulphur
increase was also elucidated. Results from this study provide unique insights to AnMBR
applications for the treatment of sulphur-rich wastewater and the co-management of
wastewater and sulphur-rich food waste.

4.2 Materials and methods
4.2.1

Synthetic wastewater and trace organic contaminants

A synthetic solution (Table 3-1) was used in this chapter to simulate high strength
domestic wastewater (Wijekoon et al., 2015). Key physicochemical properties of the
synthetic wastewater were determined every four days throughout the experiment. In
particular, the synthetic wastewater contained 1176 ± 30 mg/L chemical oxygen
demand (COD) and 6.3 ± 0.4 mg/L total nitrogen (TN). The electrical conductivity and
pH of this synthetic wastewater were 5.9 ±2.5 mS/cm and 6.9 ±0.2, respectively.
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A set of 38 TrOCs with diverse physiochemical properties was selected in this study.
These compounds represent major TrOC groups, namely pharmaceuticals, personal care
products, industrial chemicals, and pesticides, which are ubiquitous in municipal
wastewater (Luo et al., 2014c). These compounds were purchased from Sigma-Aldrich
(St. Louis, MO). They are of analytical grade with purity of 99% or higher. A combined
stock solution of all 38 TrOCs was prepared in pure methanol and stored at -18 °C in
the dark. These TrOCs were introduced daily into the synthetic wastewater at a
concentration of approximately 2 µg/L of each compound.
Table 4-1: Physicochemical properties of 38 selected trace organic contaminants.

Compounds

Aspartame

Chemical
formula
C14 H18 N2
O5

Log D
at pH =
7

MW
(g/mol)

294.30

-1.99

Caffeine

C8 H10 N4 O2

194.19

-0.63

Sulfamethoxazole

C10 H11 N3 O3 S

253.28

-0.22

Ketoprofen

C16 H14 O3

254.28

0.19

Trimethoprim

C14 H18 N4 O3

290.32

0.27

Paracetamol

C8 H9 N O2

151.16

0.47

Chemical structure
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Meprobamate

C9 H18 N2 O4

218.25

0.70

Naproxen

C14 H14 O3

230.26

0.73

Ibuprofen

C13 H18 O2

206.28

0.94

PFOS

C8 H F17 O3 S

500.13

1.01

Triamterene

C12 H11 N7

253.26

1.03

Carazolol

C18 H22 N2 O2

298.38

1.12

Dilantin

C15 H12 N2 O2

252.27

1.41

TCEP

C6H12Cl3O4 P

285.49

1.47

Diclofenac

C14 H11 Cl2 N O2

296.15

1.77

Carbamazepine

C15 H12 N2 O

236.27

1.89
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Gemfibrozil

C15 H22 O3

250.33

2.07

Verapamil

C27 H38 N2 O4

454.60

2.08

Hydroxyzine

C21 H27 Cl N2 O2

374.90

2.15

Simazine

C7 H12 Cl N5

201.66

2.28

Amitriptyline

C20 H23 N

277.403

2.28
H3CO
N

Omeprazole

C17 H19 N3 O3 S

345.42

2.35

HN

O
S

CH3
OCH3
N

DEET

C12 H17 N O

191.27

2.42

Atrazine

C8 H14 Cl N5

215.68

2.64

Diuron

C9 H10 Cl2 N2 O

233.09

2.68

Diazepam

C16 H13 Cl N2 O

284.74

2.80

CH3
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Propylparaben

C10 H12 O3

180.20

2.88

Linuron

C9 H10 Cl2 N2 O2

249.09

3.12

Benzophenone

C13 H10 O

182.22

3.21

Clozapine

C18 H19 Cl N4

326.82

3.23

Phenylphenol

C12 H10 O

170.21

3.29

Bisphenol A

C15 H16 O2

228.29

3.64

304.35

3.77

228.24

3.89

C14 H22 O

206.32

5.18

C12 H7 Cl3 O2

289.54

5.28

Diazinon

Oxybenzone

t-Octylphenol

Triclosan

C12 H21 N2 O3 P
S

C14 H12 O3
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Triclocarban

C13 H9 Cl3 N2 O

315.58

6.07

Nonylphenol

C15 H24 O

220.35

6.14

Source: SciFinder Scholar (ACS) database.
4.2.2

AnMBR system

A lab-scale AnMBR system was used in this study (Figure 3-1). Briefly, the AnMBR
system was mainly consisted of a bioreactor, an external microfiltration (MF)
membrane unit, and several peristaltic pumps. The bioreactor was made of stainless
steel with an effective working volume of 20 L and a head space of 8 L in case of
unexpected foaming in the reactor. The ceramic MF membrane had a pore size of 0.1
µm and an effective area of 0.09 m2. Trans-membrane pressure (TMP) was
continuously monitored by a high resolution (± 0.1 kPa) pressure sensor (Extech
Equipment, Australia) to indicate the profile of membrane fouling. A detailed
description of the AnMBR system can be found in Section 3.2.2.
4.2.3

Experimental protocol

The AnMBR system was inoculated with anaerobic digesters from a local wastewater
treatment plant (Wollongong, NSW, Australia) and fed with the synthetic wastewater
under laboratory conditions as mentioned below (Figure 3-1). When AnMBR had
achieved a stable removal of bulk organic matter (indicated by COD) for more than two
months, sulphur content in the synthetic wastewater was increased gradually by adding
Na2SO4. Stepwise increase of 100 mg/L sulphate every 10 days was adapted to avoid
mortal effects of sulphur shock on anaerobic digesters. In this study, the influent
sulphate concentration was increased up to 600 mg/L, corresponding to a decreased of
the COD/SO42- ratio to approximately 10, which is commonly considered as a threshold
for effective anaerobic treatment of sulphur-containing wastewater (Hu et al., 2015;
Yurtsever et al., 2016). The permeate flux was maintained at approximately 2 L/m2h,
resulting in a hydraulic retention time (HRT) of 5 days. This relatively long HRT was
applied to allow for the adequate biodegradation of organic substance and mitigation of
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membrane fouling. Sludge samples (approximately 100 mL) were collected daily,
leading to an operating sludge retention time (SRT) of 180 days. The mixed liquor pH
was maintained at approximately 7 throughout AnMBR operation by periodically
adding sodium bicarbonate into the bioreactor. Membrane backwashing was conducted
ex-situ when the TMP was increased to approximately 0.9 bar using 1 L AnMBR
effluent with a water flux of 4 L/m2h.
4.2.4

Basic analytical methods

Mixed liquor pH and electrical conductivity were monitored using an Orion 4 Star Plus
portable pH/conductivity meter (Thermo Scientific, USA). COD of the feed, mixed
liquor supernatant, and effluent, was measured based on the standard dichromate
method using high range plus digestion vials (Hatch, USA). Oxidation reduction
potential (ORP) was monitored by a WP-80D dual pH-mV meter (TPS, Australia).
Biogas composition was analysed using a biogas meter (Biogas 5000, Geotech, UK)
(Nghiem et al., 2014). Alkalinity, mixed liquor suspended solids (MLSS) and mixed
liquor volatile suspended solids (MLVSS) concentrations were measured based on the
Standard Methods for Examination of Water and Wastewater.
4.2.5

TrOC analysis

TrOC concentrations in the aqueous phase were determined by an analytical method
previously reported by Wijekoon et al. (2015). Briefly, this method included solid phase
extraction (SPE) and liquid chromatography followed by quantitative determination by
tandem mass spectrometry with electrospray ionisation. Duplicate samples (250 mL for
each) were analysed each time. Samples were spiked with a surrogate solution
containing 50 ng of an isotopically labelled version of each target TrOC.
Hydrophilic/lipophilic balance cartridges (Waters, Millford, MA, USA) were
preconditioned with 5 mL methyl tert-butyl ether, 5 mL methanol and 10 mL reagent
water, and then used for TrOC extraction. After SPE, cartridges used for TrOC
extraction were rinsed twice with 5 mL reagent and dried completely using a stream of
nitrogen for 50 min. All cartridges loaded with TrOCs were stored at 4 °C in sealed
bags until elution and analysis. Analytes were eluted from the loaded cartridges with 5
mL methanol and then 5 mL methanol/methyl tertiary butyl ether (1/9, v/v) into
centrifuge tubes. The resultant extract was concentrated under a stream of nitrogen to
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approximately 100 µL and then diluted to a final volume of 1 mL with methanol.
Analytes were separated using an Agilent1200 series high performance liquid
chromatography (HPLC) system (Palo Alto, CA, USA) on a Luna C18 (2) column
(Phenomenex, Torrence CA, USA). Peaks were identified and quantified by isotope
dilution method using an API 4000 triple quadrupole mass spectrometer (MS) (Applied
Biosystems, Foster City, CA, USA) that was equipped with a turbo-V ion source and
employed in both positive and negative electro-spray modes. The detection limit of this
analytical method was 5 ng/L for all analytes except for meprobamate and bisphenol A
(10 ng/L) and aspartame, propylparaben (20 ng/L). Detailed description of the HPLC–
MS/MS settings is available elsewhere (Wijekoon et al., 2015)
Feed and permeate samples were collected weekly for the analysis of TrOCs to
determine their removal by AnMBR:
R=

𝐶𝑓 − 𝐶𝑝
× 100%
𝐶𝑓

where 𝐶𝑓 and 𝐶𝑝 were TrOC concentrations in the feed and permeate, respectively.
TrOC concentrations in the sludge phase were determined based on a method reported
previously by Yang et al. (2016). Briefly, the mixed liquor was first centrifuged at
3750g for 20 mins to obtain sludge pellet, which was then freeze-dried completely using
an Alpha 1–2 LD plus Freeze Dryer (Christ GmbH, Germany). The dry sludge was
ground to powder before weighing 0.5 g into a glass tube and being thoroughly mixed
with 5 mL methanol, followed by ultrasonication at 40 °C for 10 min. The mixture was
then centrifuged at 3270 g for 10 min to obtain supernatant, which was collected into an
amber bottle. The ultrasonication and centrifugation steps were repeated after mixing 5
mL blend of dichloromethane and methanol (1:1 v:v) with the remaining sludge in the
test tube. Supernatants from these two centrifuge steps were mixed completely; while
residual methanol and dichloromethane were purged using nitrogen gas. Milli-Q water
was added to obtain a 250 mL aqueous sample for TrOC extraction and analysis
according to the method described above.

4.3 Results and discussion
4.3.1

Biomass concentration
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An increase in the influent sulphur content up to 600 mg/L (as sulphate), corresponding
to a decrease in the COD/SO42- ratio from 60 to 10, did not significantly affect the
biomass concentration as indicated by both the MLSS and MLVSS concentrations
during AnMBR operation (Figure 4-1). In this study, the MLSS and MLVSS
concentrations were stable at approximately 15 ± 1.4 and 10 ± 1.5 g/L, respectively,
with a MLVSS/MLSS ratio of around 0.6. The stable MLVSS/MLSS ratio also
confirmed that sulphate addition to the influent did not cause any increase in the MLSS
inorganic fraction. Results shown in Figure 4-1 are consistent with those reported for
anaerobic treatment systems, where no significant impacts on biomass concentration
were observed with sulphur increase provided the influent COD/SO42- ratio was at or
above the threshold of 10 (Hu et al., 2015). Indeed, the COD/SO42- ratio of the influent
significantly affects the performance of anaerobic treatment systems by governing the
competition between sulphate reducing bacteria and other bacteria, particularly
predominant species belonged to Proteobacteria (Sarti et al., 2010).
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Figure 4-1: Effect of sulphate addition on biomass concentration (i.e. MLSS and
MLVSS contents) during AnMBR operation.Sulphate concentration in the synthetic
wastewater was increased to 600 mg/L with an increment of 100 mg/L every 10 days.
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Experimental conditions: HRT = 5 d; mixed liquor pH = 7 ± 0.1; temperature = 35 ±
1 °C.
4.3.2

Removal of bulk organic matter

No significant impact on the removal of COD was observed with sulphur increase in the
AnMBR influent. As shown in Figure 4-2, COD removal by AnMBR was stable at
approximately 98% when sulphate addition to the feed solution was increased from 0 to
600 mg/L. This result is consistent with the stable biomass concentration as discussed
above, corroborating that sulphur increase has no discernible effect on the basic
performance of AnMBR regarding the biomass growth and biodegradation of bulk
organic matter, with an influent COD/SO42- ratio up to 10. Similar results have also been
observed by Sarti et al. (2010) who reported that COD removal by an anaerobic
sequencing batch biofilm reactor was not impacted by an increase in the influent
sulphur content. Sarti et al. (2010) attributed their observation to the fact that organic
carbon was the dominating energy source for microbial metabolism. It is noteworthy
that sulphate reducing bacteria appeared to proliferate in AnMBR with sulphur addition,
as indicated by a significant increase in the H2S production (Figure 4-3). Despite the
competition between methane-producing and sulphate-reducing bacteria in the
anaerobic bioreactor, they both utilize organic carbon for assimilation (Hu et al., 2015),
thereby contributing a relatively stable COD removal by AnMBR.
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Figure 4-2: Effect of sulphate concentration on COD removal by AnMBR. Sulphate
concentration in the synthetic wastewater was increased to 600 mg/L with an increment
of 100 mg/L every 10 days. Experimental conditions are shown in Figure 4-1.
4.3.3

Biogas production

Sulphur increase significantly affected biogas production during AnMBR operation
(Figure 4-3a). Without sulphate addition to the influent (i.e., the first 10 days), biogas
production of AnMBR varied slightly between 0.4 and 0.6 L/g CODadded. When 100
mg/L SO42- was added to the AnMBR influent between day 10 and 20, biogas
production gradually decreased to 0.2 L/g CODadded (Figure 4-3a). A significant
reduction also occurred in the methane content of the produced biogas when 100 mg/L
SO42- was added to the influent. Such observed reductions in both biogas production and
its methane content could be attributed to the adverse effects of sulphur loading on
methanogens (Hu et al., 2015). Similar variations in biogas production were also noted
in the following AnMBR operation with a step-wise increase of the influent SO42concentration up to 600 mg/L (i.e. increasing100 mg/L every 10 days). Although biogas
production could be recovered to some extent when the influent SO42- concentration was
maintained at a certain level for a few days, a downward trend to approximately 0.2 L/g
CODadded was observed when SO42- addition was increased to 600 mg/L (
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Figure 4-3a).
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Figure 4-3: Effect of sulphate concentration on (a) biogas production and methane
content, (b) H2S concentration in biogas during AnMBR operation. Sulphate
concentration in the synthetic wastewater was increased from 0 to 600 mg/L with an
increment of 100 mg/L every 10 days. Experimental conditions are as described in
Figure 4-1.
The reduced methane content in biogas with sulphur increase can be attributed to the
competition of sulphate reducing bacteria over methane producing microbes. Hu et al.
(2015) reported that sulphur increase could enhance the utilization of electrons by
sulphate reducing bacteria. Indeed, sulphate addition increased considerably the H2S
production (Figure 4-3b), suggesting the active metabolism of sulphate reducing
bacteria. Moreover, the produced H2S inside the anaerobic bioreactor could be toxic to
methanogenic bacteria and archaea by diffusing through their cell membranes and
denature their functional proteins (Siles et al., 2010). Nevertheless, despite a continuous
increase in the influent SO42- concentration up to 600 mg/L, the methane content in the
produced biogas was recovered to its initial level (approximately 62%) from day 25
onward. This observation confirms that at a COD/SO42- ratio at or above 10, there was
adequate organic carbon for both methane producing and sulphate reducing bacteria,
thereby maintaining the basic performance of anaerobic systems after microbial
acclimatization. It is noted that biogas purification to remove H2S, for example by
adsorption using inert materials, is necessary for effective and safe methane utilization
when sulphate-rich wastewater is treated by AnMBR in practice.
4.3.4

Membrane fouling
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High sulphate addition to the influent exacerbated membrane fouling during AnMBR
operation (Figure 4-4). The TMP value was stable at approximately 0.5 bar when the
influent SO42- concentration was lower than 200 mg/L, indicating no notable membrane
fouling at a low sulphur content. A sharp TMP increase was observed when the SO42concentration was increased to 300 mg/L, possibly due to an enhancement in the
concentration of soluble microbial products (SMP) and extracellular polymeric
substances (EPS) in the mixed liquor at a high SO42- concentration. Indeed, Kobayashi
et al. (2015) reported that the high sulphate concentration (> 200 mg/L) could
considerably increase the release of carbohydrate and protein, which are major
constitutes of SMP and EPS, from anaerobic digesters, during the operation of up-flow
anaerobic sludge blanket reactors. Both SMP and EPS play an important role in the
formation of cake layer on the membrane surface and pore blockage in either aerobic or
anaerobic MBR systems (Lin et al., 2012). As a result, to maintain a sustainable water
production, membrane backwash using the AnMBR effluent was conducted on day 35
when the TMP increased to 0.85 bar. Nevertheless, similar increase in the TMP profile
was observed when the influent SO42- concentration was further increased, thereby
requiring another membrane backwash on day 65.
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Figure 4-4: Variation of the TMP profile during AnMBR operation. Membrane
cleaning was conducted by backwashing using the AnMBR effluent. Experimental
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conditions are as described in Figure 4-1.
4.3.5

Removal of trace organic contaminants

4.3.5.1 General removal performance
All hydrophobic TrOCs with Log D > 3.2 were well removed by over 50% in AnMBR
with bisphenol A as the only exception (Figure 4-5a). No discernible effects on the
removal of these hydrophobic compounds were observed with sulphur increase. The
effective removal of these hydrophobic TrOCs by AnMBR has also been demonstrated
by Wijekoon et al. (2015) under comparable experimental conditions and can be
attributed to their adsorption onto sludge due to hydrophobic-hydrophobic interactions.
Bisphenol A is a precursor monomer for the production of many plastics and can leach
out from plastic materials. Thus, the low removal of bisphenol A (less than 20%) could
be an experimental artefact associated with its release from plastic components (e.g.
tubing) of the experimental system. Indeed, low bisphenol A removal by anaerobic
treatment has also been reported in several previous lab-scale studies (Monsalvo et al.,
2014a; Wijekoon et al., 2015).
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Figure 4-5: Effects of sulphate concentration on the removal of (a) hydrophobic (i.e.
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compounds with Log D > 3.2 at pH 7) and (b) hydrophilic (i.e. compounds with Log D
< 3.2 at pH 7) TrOCs by AnMBR from the aqueous phase. Error bars represent the
standard deviation from two measurements at each sulphate concentration (once every
five days). Experimental conditions are given in Figure 4-1.
The removal of hydrophilic TrOCs (Log D < 3.2) by AnMBR was highly variable
(Figure 4-5b). It has been established that the removal of hydrophilic TrOCs by either
aerobic or anaerobic MBR was dependent primarily on their intrinsic biodegradability
given their relatively weak adsorption onto sludge (Wijekoon et al., 2015). In this study,
some hydrophilic compounds could be effectively removed by AnMBR regardless of
the sulphur content in the influent. The removal of these compounds was over 60% and
they included aspartame, caffeine, sulfamethoxazole, trimethoprim, PFOS, carazolol,
verapamil, hydroxyzine, simazine, amitriptyline, omeprazole, and linuron. Indeed, the
effective removal of these hydrophilic TrOCs by AnMBR was also reported by
Wijekoon et al. (2015) who attributed their high biodegradability to the presence of
electron donating functional groups, such as hydroxyl and amine, in their structures. In
addition, most of these hydrophilic compounds had nitrogen in the molecular structure,
probably rendering them amenable to anaerobic treatment. Indeed, TrOCs can be
biodegraded not only by methanogenic archaea, but also sulphate reducing, iron
reducing and nitrate reducing bacteria that can be electron acceptors during anaerobic
digestion (Wijekoon et al., 2015).
Several other hydrophilic TrOCs were poorly removed by AnMBR (Figure 4-5b).
These compounds were ketoprofen, paracetamol, meprobamate, ibuprofen, dilanfin,
TCEP, diclofenac, carbamazepine, germfibrozil, DEET, atrazine, diuron, and diazepam.
The low removal of these hydrophilic compounds could be ascribed to their poor
biodegradability due to the presence of electron withdrawing functional groups, such as
chloro and amide, irrespective of the presence of any electron donating functional
groups in their molecular structure (Monsalvo et al., 2014a; Wijekoon et al., 2015).
Unlike hydrophobic TrOCs, sulphur addition to influent could significantly affect the
removal of hydrophilic TrOCs in AnMBR (Figure 4-5b). These hydrophilic TrOCs
could be categorised into three groups based on their removal variations along with the
influent SO42- addition from 0 to 600 mg/L. In the first group, the removal of two
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hydrophilic compounds, namely caffeine and trimethoprim, continuously decreased as
the influent SO42- concentration increased. The reason for the decreased removal of
these two compounds is not clear, but is possibly due to the toxicity of H2S to
microorganisms that were responsible for the removal of these two compounds. By
contrast, in the second group, SO42- addition led to an increase in the remove of
propylparaben and linuron, which have relatively high hydrophobicity. At the mixed
liquor pH of 7, the Log D values of propylparaben and linuron were 2.8 and 3.12,
respectively. Thus, the observed increase in their removal could be because of the
enhanced hydrophobic interaction between these two compounds and sludge with SO42increase in the influent. Indeed, as discussed above, it has been reported that high SO42concentration could increase the release of EPS and thus enhance the hydrophobicity of
anaerobic sludge (Kobayashi et al., 2015). Most hydrophilic TrOCs belong to the third
group, which showed an initial decrease and then increase in the removal by AnMBR
with continuous increase in the influent SO42- concentration. These TrOCs included
ketoprofen, paracetamol, ibuprofen, carazolol, TCEP, dilantin, simazine, diclofenac,
carbamazepine, germfibrozil, DEET, atrazine, diuron, and diazepam. The results could
be attributed to microbial adaption to the SO42- addition, which therefore recovered the
biodegradation of these hydrophilic compounds.
4.3.5.2 TrOC adsorption on sludge
A major factor governing TrOC adsorption onto biosolids during AnMBR operation is
their hydrophobicity. Although hydrophobic TrOCs with Log D > 3.2 could readily
absorb onto sludge particles, their residual in sludge phase was relatively low with a few
exceptions (Figure 4-6a). The observed low residual concentrations of these
hydrophobic TrOCs in the sludge phase could be attributed to their high biodegradation,
which also determines TrOC resides in the biosolids. Of the 10 hydrophobic TrOCs, toctylphenol exhibited the highest accumulation in the sludge phase, followed by
triclosan, triclocarban, and nonylphenol, respectively. Triclosan and triclocarban are
known to be persistent to biodegradation due to the chloro functional group (which is a
strong electron withdrawing functional group) in their molecular structure. On the other
hand, both t-octylphenol and nonylphenol are degradation by-products of alkylphenols,
which are widely used in domestic detergents. It is noted that concentrations of all
hydrophobic TrOCs in the sludge phase were relatively stable regardless of sulphur
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addition to the influent.
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Figure 4-6: Effect of sulphate concentration on the residual of (A) hydrophobic and (B)
hydrophilic TrOCs in the sludge phase during AnMBR operation. Experimental
conditions are given in Figure 4-1.
Of the 28 hydrophilic TrOCs, only four compounds accumulated considerably in sludge
phase with concentrations higher than 200 ng/g total solid (Figure 4-6b). They were
carazolol, paracetamol, amitriptyline, and hydroxyzine. Of a particular note, when the
SO42-concentration increased from 0 to 600 mg/L, the concentration of paracetamol in
sludge decreased significantly (Figure 4-6b), probably due to the enhanced
biodegradation with the proliferation of sulphate reducing bacteria, thereby improving
its overall removal by AnMBR (Figure 4-6b). On the other hand, the residual
concentrations of carazolol, amitriptyline, and hydroxyzine in the sludge phase
increased with SO42- addition. This result could be due to the change of biomass
characteristics, for example, surface charge and hydrophobicity, caused by an enhanced
release of EPS with sulphur addition.

4.4 Conclusion
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There were no discernible effects on the biological activity and COD removal by
AnMBR despite an increase in the influent SO42- concentration provided that the
COD/SO42- ratio was above 10. However, increasing sulphur content resulted in some
variations in biogas production and a notable increase in the production of H2S during
AnMBR operation. Sulphur addition did not significantly affect the removal of
hydrophobic TrOCs. By contrast, the removal of some hydrophilic TrOCs was
considerably affected by sulphur increase. In addition, the residual concentrations of
some hydrophilic TrOCs in biosolids were also impacted by sulphur addition.
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5.1 Introduction
Water scarcity driven by population growth, climate change, and environmental
pollution has prompted the development of new technologies, such as membrane
distillation (MD), and the improvement of existing ones, such as membrane bioreactor
(MBR) for wastewater treatment and reuse (Shannon et al., 2008b). MBR integrates the
membrane separation process with biological treatment to produce high standard water
for recycling applications (Nguyen et al., 2012; Huang et al., 2015; Jegatheesan et al.,
2016; Judd, 2016). Previous studies have demonstrated the capability of MBR for
wastewater treatment and reuse regarding both basic water quality parameters and high
removal efficiency of a broad range of trace organic contaminants (TrOCs) (Tadkaew et
al., 2011; Boonyaroj et al., 2012; Navaratna et al., 2012; Wijekoon et al., 2013; Di Bella
et al., 2015; Prasertkulsak et al., 2016).
The widespread occurrence of TrOCs in municipal and industrial wastewater is of
significant concern to water reuse applications (Acuña et al., 2015; Huerta et al., 2016).
TrOCs include a diverse range of emerging chemicals that are widely used in our
modern society for health care, agriculture, aquaculture, animal husbadry, and industrial
production. They are continuously released into the environment either accidentally
through agricultural and industrial activities or inevitably through human and livestock
excretion. TrOCs are ubiquitously detected in wastewater and sewage-impacted water
bodies at trace levels up to a few micrograms per litre (µg/L) (Osorio et al., 2012).
Although the impact of long-term exposure to low concentrations of TrOCs on human
health is still largely unknown, ecological data to date have evidenced their chronic
effects on a range of sensitive aquatic organisms, such as fish and reptiles
(Schwarzenbach et al., 2006b; Guillén et al., 2012). Thus, adequate removal of TrOCs is
essential for water reuse applications and environmental protection (Luo et al., 2014d).
MBR can be operated in aerobic or anaerobic conditions according to the presence or
absence of oxygen in the biological reactor (Huang Lee, 2015). Recent studies have
focused mostly on aerobic MBR systems as they can be readily deployed for wastewater
treatment and reuse. There is also a growing interest in the development of anaerobic
MBR (AnMBR) for energy efficient wastewater treatment and reuse (Stuckey, 2012).
Compared to aerobic MBR, which requires significant energy input for aeration,
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AnMBR is more energy-efficient and can even be an energy positive system by
producing biogas for beneficial usage. However, AnMBR often has a lower treatment
capacity to remove nutrients and TrOCs in comparison with aerobic MBR. Recent
studies have demonstrated that some TrOCs (such as carbamazapine, atrazine, and
diclofenac) are poorly removed by AnMBR due to their resistance to biodegradation
(Monsalvo et al., 2014a; Wijekoon et al., 2015). As a result, it is necessary to
complement AnMBR with an additional treatment process to achieve a suitable product
water quality for reuse.
MD is a thermally driven membrane separation process and has been recognized as an
emerging technology in wastewater treatment and reuse (Wijekoon et al., 2014a;
Wijekoon et al., 2014b; Nguyen et al., 2016). During MD operation, water in the vapour
form transports under a partial vapour pressure gradient across a microporous and
hydrophobic membrane from a high temperatue solution to a low temperature solution.
MD can utilize low-grade waste heat and solar thermal that is otherwise unusable by
other means. Thus, MD can potentially be used for the futher purification of wastewater
effluents, particulalry after anaerobic treatment where thermal heat from the combustion
of produced biogas can be utilised as energy input to the MD process. Kim et al. (2015)
has demonstrated that MD could further treat effluent from an anaerobic moving bed
biofilm reactor by achieving complete rejection of phosphorus and more than 98%
rejection of dissolved organic carbon. Similarly, Jacob et al. (2015) reported 90%
rejection of chemical oxygen demand (COD) and ammonia from AnMBR effluent by
MD. Nevertheless, data from these previous studies were from batch test experiments
and little is known about the MD performance when simultaneously operated with
AnMBR.
This chapter aims to investigate the performance of an integrated AnMBR-MD system
for water reuse and energy recovery from wastewater. The hybrid system performance
was examined in terms of biogas production, biomass characteristics, contaminant
removal, and membrane fouling. Removal of organic matter, nutrients, and TrOCs by
both the AnMBR and MD processes were evaluated. Fouling behavior of the MD
membrane was delinated.
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5.2 Materials and methods
5.2.1

Synthetic wastewater and trace organic contaminants

A synthetic solution (Table 3-1), simulating high strength domestic wastewater, was
used and prepared daily. Key physicochemical properties of the synthetic wastewater
were determined every four days throughout the experiment. In particular, the synthetic
wastewater contained 6252.3 mg/L COD, 166.8 mg/L total nitrogen (TN), 195.4
orthophosphate (PO43--P), and 34.7 mg/L ammonium (NH4+). The electrical
conductivity and pH of the synthetic wastewater were 4.01 ± 0.9 mS/cm and 7.0 ± 0.2,
respectively. It is noteworthy that anaerobic treatment is not viable for biogas
production from low strength wastewater due to the low methane production over
heating requirement ratio. As a result, it is necessary to pre-concentrate municipal
wastewater to increase the COD content by processes such as forward osmosis prior to
anaerobic treatment (Ansari et al., 2016). Thus, the synthetic wastewater with higher
strength than typical municipal wastewater was used in this study.
A set of 26 TrOCs was selected for study. These TrOCs represent four major groups of
chemicals of emerging concern that are ubiquitously present in domestic wastewater,
including pharmaceuticals and personal care products, endocrine disruptors, industrial
chemicals, and pesticides. Key physicochemical properties of these TrOCs are
summarized in Table 5-1. Based on their effective octanol – water partition coefficient
(i.e. Log D) at solution pH 7, the 26 TrOCs could be categorized as hydrophobic (i.e.
Log D > 3.2) and hydrophilic (i.e. Log D < 3.2) (Tadkaew et al., 2011). These
compounds were purchased from Sigma-Aldrich (St. Louis, MO). They are of analytical
grade with purity of 99% or higher. A stock solution containing 10 mg/L of each TrOC
compound was prepared in pure methanol and then stored at -18 °C in the dark. The
TrOC stock solution was added daily to the synthetic wastewater described above to
obtain a concentration of 2 µg/L of each compound.
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Table 5-1: Key physicochemical properties of 26 selected trace organic contaminants.
MW

Log D

(g/mol)

at pH = 7

C8 H10 N4 O2

194.19

-0.63

Sulfamethoxazole

C10 H11 N3 O3 S

253.28

-0.22

Ketoprofen

C16 H14 O3

254.28

0.19

Trimethoprim

C14 H18 N4 O3

290.32

0.27

Paracetamol

C8 H9 N O2

151.16

0.47

Naproxen

C14 H14 O3

230.26

0.73

Primidone

C12 H14 N2 O2

218.25

0.83

Ibuprofen

C13 H18 O2

206.28

0.94

Compounds

Chemical Formula

Caffeine

Chemical structure
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Triamterene

C12 H11 N7

253.26

1.03

Carazolol

C18 H22 N2 O2

298.38

1.12

TCEP

C6H12Cl3O4 P

285.49

1.47

Diclofenac

C14 H11 Cl2 N O2

296.15

1.77

Carbamazepine

C15 H12 N2 O

236.27

1.89

Gemfibrozil

C15 H22 O3

250.33

2.07

Simazine

C7 H12 Cl N5

201.66

2.28

Amtriptyline

C20 H23 N

277.403

2.28
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Atrazine

C8 H14 Cl N5

215.68

2.64

Diuron

C9 H10 Cl2 N2 O

233.09

2.68

Propylparaben

C10 H12 O3

180.20

2.88

Linuron

C9 H10 Cl2 N2 O2

249.09

3.12

Clozapine

C18 H19 Cl N4

326.82

3.23

Phenylphenol

C12 H10 O

170.21

3.29

Bisphenol A

C15 H16 O2

228.29

3.64

Diazinon

C12 H21 N2 O3 P S

304.35

3.77
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Triclosan

C12 H7 Cl3 O2

289.54

5.28

Triclocarban

C13 H9 Cl3 N2 O

315.58

6.07

Source: SciFinder Scholar (ACS) database.
5.2.2

Anaerobic membrane bioreactor – membrane distillation

A lab-scale AnMBR-MD system was used in this study (Figure 5-1). This system
consisted of a feed reservoir, an anaerobic bioreactor with a working volume of 20 L, a
biogas collector, an external membrane module, and an effluent reservoir. A peristaltic
pump (Masterflex L/s, USA) controlled by a water level controller was employed to
feed the synthetic wastewater into the bioreactor. A proportional-integral-derivative
temperature controller (Neslab RTE7, ThermoScientific, USA) equipped with a plastic
coil was used to maintain the bioreactor temperature at 35 ± 1 °C. A Tedlar sampling
bag was connected to the bioreactor for biogas collection and subsequent biogas
composition analysis using a biogas meter (Biogas 5000, Geotech, UK) as described in
a previous study (Nghiem et al., 2014). A ceramic microfiltration (MF) membrane
module (NGK, Japan) in stainless steel housing was externally integrated with the
bioreactor. The normalized pore size and effective area of the MF membrane was 1 µm
and 0.09 m2, respectively. A peristaltic pump (Masterflex L/s, USA) was applied to
circulate digested sludge from the bioreactor to the external MF membrane module and
then back to the bioreactor. At the same time, an industrial grade peristaltic pump
(ProMinent, Australia) was employed to circulate digested sludge from the bottom to
the top of the bioreactor for sludge mixture. The bioreactor and all pipelines involved in
this system were wrapped with insulation foam to minimise heat loss.
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Figure 5-1: Schematic diagram of the laboratory scale AnMBR-MD hybrid system.
A direct contact MD system was integrated with AnMBR as a post-treatment step
(Figure 5-1). The MD system comprised of a feed reservoir, a plate-and-frame
membrane module, a distillate reservoir, and two identical gear pumps (Micropump,
Vancouver, WA). A separate MD feed reservoir with a working volume constant at 10
L was set to ensure a continuous feed supply. A peristaltic pump controlled by a water
level controller was used to transfer the AnMBR effluent to the MD feed reservoir. The
membrane module was made of acrylic plastic and consisted of two identical semi-cells.
Each cell was engraved with a flow channel of 142 mm long, 91 mm wide and 3 mm
deep. A hydrophobic microporous membrane from Porous Membrane Technology
(Ningbo,

China)

was

used.

The

membrane

was

composed

of

a

thin

polytetrafluorethylene (PTFE) layer on the top of a polypropylene (PP) support layer
and had a thickness, nominal pore size, and porosity of 60 µm, 0.2 µm, and 80%,
respectively. The feed and distillate temperatures were maintained at 45 ±1 °C and 20 ±
1 °C, respectively, using two temperature controllers (Neslab RTE7, Thermo Scientific,
USA). The overflowing distillate was weighed by a digital balance connected to a
computer for determining the MD water flux.
5.2.3

Experimental protocol

Digested sludge from a full-scale wastewater treatment plant was used to inoculate the
bioreactor. AnMBR was acclimatized to the synthetic wastewater and laboratory
conditions for over three months. Once stable operation had been achieved as indicated
by the removal of organic matter (i.e. > 97% total organic carbon (TOC) and COD
removal), TrOCs were introduced to the synthetic wastewater. After obtaining 10 L
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effluent, the MD system was integrated downstream with AnMBR to form an AnMBRMD hybrid system (Figure 5-1).
The AnMBR-MD hybrid system was continuously operated for 30 days. A peristaltic
pump was used to extract water from the bioreactor through the MF membrane with a
permeate flux of 2 L/m2h in a cycle of 14 min suction and 1 min relaxation. The
relaxation time was provided to reduce the MF membrane fouling. To maintain a
constant working volume of the bioreactor, the feed flowrate was set at 3.5 mL/min,
which resulted in the hydraulic retention time (HRT) of AnMBR at approximately 4
days. Hydraulic backwash was conducted every two days using AnMBR effluent to
maintain the water flux. Mixed liquor (650 mL) was taken weekly for biomass
characterization, resulting in an operating sludge retention time of approximately 215
days. Sodium bicarbonate was added to maintain the mixed liquor pH at 7. AnMBR
effluent was continuously pumped to the MD feed reservoir to maintain its working
volume at 10 L. Deionized water (2 L) was used as the MD distillate. Both MD feed and
distillate were circulated to the membrane cell with a cross-flow rate of 1 L/min
(corresponding to a cross-flow velocity of 6.1 cm/s). The MD membrane was replaced
every ten days to maintain a desirable water production and provide samples for
membrane fouling investigation.

5.3 Analytical methods
5.3.1

Analysis of basic water quality parameter

Aqueous samples from the AnMBR feed, bioreactor, AnMBR effluent, MD feed, and
MD distillate were collected every three days for water quality analysis. Specifically,
TOC and TN concentrations were measured using a TOC/TN-VCSH analyser (Shimadzu,
Japan). COD was quantified by using high range digestion vials (Hatch, USA)
following the standard dichromate method. The removal rates of TOC, TN, and COD by
the AnMBR and MD processes were quantified based on the method described in the
following section for TrOCs. A Flow Injection Analysis system (QuikChem 8500,
Lachat, CO) was used to detect NH4+ and PO43- concentrations. Electrical conductivity
and pH were monitored by an Orion 4 Star Plus portable pH/conductivity meter
(Thermo Scientific, USA).
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5.3.2

Analysis of trace organic contaminants

Aqueous samples were collected in duplicate every five days for TrOC analysis
according to a method reported by Tadkaew et al. (2011). Briefly, this method involved
solid phase extraction (SPE), liquid chromatography, and quantitative determination by
tandem mass spectrometry with electrospray ionisation. Before SPE, most samples were
spiked with a surrogate standard solution containing 50 ng of an isotopically labelled
version of each compound

except for oxybenzone, chlorpyrifos,

fenofibrate,

propylparaben, phenylphenol, sucralose and aspartame, which were quantified by
external dilution. Hydrophilic/lipophilic balance cartridges (Waters, Millford, MA, USA)
were used for TrOC extraction after being preconditioned with 5 mL methyl tert-butyl
ether (MTBE), 5 mL methanol, and 10 mL reagent water. Compounds were eluted from
cartridges into centrifuge tubes using 5 mL methanol and 5 mL methanol/MTBE blend
(v/v = 1/9). Resultant extracts were concentrated to approximately 100 µL by nitrogen
stream and then diluted to 1 mL with methanol before being analysed using a high
performance liquid chromatography (Agilent, Palo Alto, CA) and a triple quadrupole
mass spectrometer (Applied Biosystems, Foster City, CA) equipped with a turbo-V ion
source and employed in both positive and negative electro-spray modes. The limit of
quantification of propylparaben and phenylphenol was 20 ng/L while that of all other
compounds was 5 ng/L.
The removal of TrOC by AnMBR is defined as:
𝑅𝐴𝑛𝑀𝐵𝑅 =

𝐶𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 −𝐶𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡
𝐶𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟

× 100%

(1)

Where 𝐶𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 and 𝐶𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 are the measured TrOC concentrations in the
synthetic wastewater and AnMBR effluent, respectively. To calculate the removal of
TrOCs by MD, it is necessary to take into account the dilution of the MD permeate by
the initial water in the distillate loop of the DCMD process. Thus, the following
equation is used:
𝑅𝑀𝐷 =

𝐶𝑀𝐷𝐹 −𝐶∗𝑀𝐷𝐸
𝐶𝑀𝐷𝐹

× 100%

(2)

𝐶𝑀𝐷𝐹 is the measured TrOC concentration in the MD feed; 𝐶∗𝑀𝐷𝐸 is the calculated
TrOC concentration in the MD permeate before being diluted with the existing distillate.
𝐶∗𝑀𝐷𝐸 is obtained via a mass balance calculation.
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𝐶∗𝑀𝐷 =

𝑀𝑀𝐷
𝑉𝑀𝐷

(3)

𝑀𝑀𝐷 = (𝐶𝐷𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒(𝑡) − 𝐶𝐷𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒(𝑡−∆𝑡) )𝑉𝐷𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒 +

(𝐶𝐷𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒(𝑡) +𝐶𝐷𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒(𝑡−∆𝑡) )
2

𝑉𝑀𝐷
(4)

where 𝑀𝑀𝐷 is the mass of the TrOC passing through the MD membrane between
time 𝑡 − ∆𝑡 and 𝑡; 𝐶𝐷𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒(𝑡) and 𝐶𝐷𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒(𝑡−∆𝑡) are TrOC concentrations measured in
MD distillate at time t – ∆t and t, respectively; 𝑉𝐷𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒 is the effective volume of the
distillate (2 L); 𝑉𝑀𝐷 is the volume of excessive distillate between time 𝑡 − ∆𝑡 and 𝑡,
which can be determined by the MD water flux.
Finally, the removal of TrOCs by the AnMBR-MD hybrid system is calculated as:
𝑅𝐴𝑛𝑀𝐵𝑅−𝑀𝐷 =

𝐶𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 −𝐶∗𝑀𝐷𝐸
𝐶𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟

× 100%

(5)

The fate of TrOCs in the sludge (i.e. solid phase) was not investigated because sludge is
completely retained by MF cannot reach the MD process
5.3.3

Biomass characteristics

Oxidation reduction potential (ORP) was measured using WP-80D dual pH-mV meter
(TPS, Australia). Mixed liquor suspended solid (MLSS), mixed liquor volatile
suspended solids (MLVSS) concentrations and alkalinity were measured according to
the Standard Methods for Examination of Water and Wastewater.
5.3.4

Fluorescence excitation – emission matrix spectroscopy

A two-dimensional fluorescence spectrophotometer (Perkin-Elmer LS-55) was used to
measure the fluorescence intensity of aqueous samples with excitation wavelengths
between 240 and 450 nm and emission wavelengths between 290 and 580 nm (in 5 nm
increments). Fluorophores detected in the excitation-emission-intensity matrix (EEM)
were assigned to specific dissolved organic matter fractions. All samples were diluted to
the same TOC concentration of 5 mg/L for resolving and comparing EEM spectra.
5.3.5

Membrane autopsy

A scanning electron microscopy (SEM) coupled with energy dispersion spectrometry
(EDS) (JCM-600, JEOL, Tokyo, Japan) was used to identify the morphology and
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composition of the fouling layer on the MD membrane surface every ten days.
Membrane samples were air-dried in a desiccator before being coated with an ultra-thin
gold layer with a sputter coater (SPI Module, West Chester, PA) for SEM imaging.
Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectroscopy
(IRAffinity-1, Shimadzu, Kyoto, Japan) was also used to probe the chemical
composition of the fouling layer. The measured spectrum ranged between 600 and
4000 cm−1 with 2 cm−1 resolution. Each scan was performed 20 times. A background
correction was conducted before each measurement. Membrane hydrophobicity was
measured by contact angle measurements using a Rame-Hart Goniometer (Model 250,
Rame-Hart, Netcong, NJ) based on the standard sessile drop method. Ten water droplets
were applied to each membrane sample and contact angles on both sides of the droplet
were analysed.

5.4 Results and discussion
5.4.1

Biological performance of AnMBR

Stable biomass characteristics were achieved during AnMBR operation (Table 5-2).
The MLSS and MLVSS concentrations in the bioreactor were stabilized at
approximately 10 and 5 g/L respectively, corresponding to a constant MLVSS/MLSS
ratio of 0.5. This result confirms the operational stability of the anaerobic bioreactor. It
has been reported that the effective biological treatment of AnMBR could be achieved
with the MLVSS/MLSS ratio of 0.4 – 0.9 under a wide range of operational conditions,
such as HRT and SRT (Baek et al., 2010; Huang et al., 2011b; Zhang et al., 2015). The
mixed liquor alkalinity was stable at 2216 ± 220 mg CaCO3/L. A relatively high ORP (190 ± 14 mV) was observed in this study compared to conventional anaerobic treatment
processes (Hafuka et al., 2016). The high ORP value observed here was possibly
because of the circulation of biomass to the external membrane module and regular
mixed liquor sampling for ORP measurement.
A stable performance of AnMBR was also observed in terms of biogas production
(Figure 5-2) and organic removal (Table 5-3). During AnMBR operation, biogas
production was stabilized in the range from 0.3 to 0.5 L/g CODadded with the methane
content at approximately 65% (Figure 5-2). This observation is consistent with previous
studies (Wijekoon et al., 2015; Song et al., 2016), suggesting an effective
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biodegradation of organic substances by anaerobic digesters. Indeed, near complete
removal of both TOC and COD could be achieved by AnMBR (Table 5-3).
Table 5-2: Key characteristics of the mixed liquor during AnMBR operation (mean
value ±standard deviation from four measurements over 30 days)
Parameter

Value

MLSS (g/L)

10 ±1

MLVSS (g/L)

4.9 ±0.9

MLVSS/MLSS

0.5 ±0.1

Alkalinity (mg CaCO3/L)

2216 ±220

Conductivity (mS/cm)

6.7 ±0.2

ORP (mV)

-190 ±14

Despite the excellent capacity for the removal of organic matter, AnMBR exhibited a
low nutrient (i.e., nitrogen and phosphorus) removal (Table 5-3). Indeed, the low
removal of nutrients is a major concern in terms of the development and practical
application of AnMBR (Liu et al., 2016). Biological nutrient removal by microbial
assimilation in AnMBR is limited due to the slow biomass growth in anaerobic
digesters (Smith et al., 2012a). On the other hand, NH4+ is generated from N-bearing
organic compounds during anaerobic treatment (Chen et al., 2016). Thus, only small TN
removal (10 – 30%) by AnMBR was observed in this study while NH4+ in the effluent
was about ten times higher than that in the influent. The anaerobic process also liberates
phosphorus from P-bearing organic in the form of PO43-. As a result, PO43concentration in the effluent was also higher than that in the influent (Table 5-3).
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Figure 5-2: Biogas production and its methane fraction during AnMBR operation.
Experimental conditions: HRT = 4 d; bioreactor temperature = 35 ± 1 °C; mixed liquor
pH = 6.8 ± 0.2 (controlled by adding NaHCO3). No extra sludge was withdrawn except
for mixed liquor sampling (650 mL per week).
Table 5-3: Removal of bulk organic matter and nutrients by AnMBR (mean value ±
standard deviation from ten measurements over 30 days)
Parameters

Influent concentration Effluent concentration

Removal

(mg/L)

(mg/L)

(%)

TOC

2118.0 ±66.5

26.5 ±6.6

98.7 ±0.3

COD

6252.3 ±108.7

101.5 ±22.9

98.4 ±0.4

TN

166.8 ±7.0

132.5 ±16.9

20.4 ±11.0

PO43-

195.4 ±11.4

213.7 ±38.7

–

NH4+

34.7 ±2.3

346.3 ±37.0

–
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5.4.2

Performance of the MD process integrated with AnMBR

5.4.2.1 Removal of bulk organic matter and nutrients
The MD process could complement AnMBR by further enhancing the removal of
organic substances and phosphate (Figure 5-3). By integrating MD with AnMBR,
complete and near complete removal of COD and phosphate was achieved, respectively
(Figure 5-3a&b). This is because the MD process can offer complete rejection of nonvolatile substances (Chen et al., 2016). As a result, a considerable accumulation of COD
and PO43- in the MD feed solution was observed, which consequently resulted in
significant fouling to the MD membrane as discussed in the section 5.4.2.3.
The removal of NH4+ by the MD process was nearly 90% within the first 20 days of
operation, but gradually decreased thereafter to approximately 60% on day 30 (Figure
3c). This decrease can be attributed to the conversion to ammonia (NH3) at a high feed
temperature of 45 °C and pH of 8.60 ± 0.35. Ammonia is a highly volatile species and
can be readily transported through the MD membrane (Kim et al., 2015). As a result, a
small but measurable increase in NH4+ concentration in the distillate was observed due
to ammonia transport through the MD membrane by volatilisation. In addition, NH4+
stripping (i.e. ammonia volatilisation) from the feed solution also occurred as evidenced
by its sharp decline and then constant feed concentration despite its moderate rejection
(60 – 90%) by the MD process. Results reported here indicate the need to control
ammonia volatilisation and to further remove it from the product water when MD is
utilized to purify the AnMBR effluent.
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Figure 5-3: Distribution and removal of (a) COD, (b) PO43- and (c) NH4+ by the MD
process subsequently integrated with AnMBR. MD membrane was replaced every ten
days. Operation condition of MD: feed temperature = 45 ± 1 °C; distillate temperature
= 20 ± 1 °C; feed working volume = 2 L; feed and distillate flow rate = 1 mL/min (i.e.
cross-flow velocity = 6.1 cm/s). AnMBR effluent was continuously replenished to
maintain the working volume of the MD feed at 10 L. Operating conditions of AnMBR
are summarized in the caption of Figure 5-2.
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5.4.2.2 Water flux
Water flux of the MD process decreased continuously when used to purify the AnMBR
effluent (Figure 5-4). The observed flux decline can be attributed to salt accumulation
in the feed solution, and more importantly, membrane fouling. The feed conductivity
increased considerably from approximately 3 to 55 mS/cm over 30 days of continuous
operation (Figure 5-4). As a result, a small decrease in the initial water flux due to the
increase in feed salinity was observed after replacing a new MD membrane every 10
days. This observation also suggested a significant role for membrane fouling in the
water flux decline of the MD process. Membrane fouling could reduce the water flux by
restricting the active membrane area for water vapour transport. In addition, the fouling
layer may result in lowering the membrane surface hydrophobicity as indicated by a
decrease in the contact angle from 135 ± 10°for the pristine membrane to less than 60°
when the membrane was replaced. Nevertheless, pore wetting did not occur to the MD
membrane as evidenced by the consistently low distillate conductivity throughout the
experiment (Figure 5-4).

MD water flux

Feed solution

Distillate

60
14

2

Water flux (L/m h)

10

40

8

30

6
20
4
10

Conductivity (mS/cm)

50

12

2
0

0
0

5

10

15

Time (d)

20

25

30

Figure 5-4: Water flux and the variation of the feed and distillate conductivity when the
MD process was used to treat AnMBR effluent. Experimental conditions are
summarized in the captions of Figures 5-2 and 5-3.
115

5.4.2.3 Membrane fouling characterisation
Membrane fouling layers were characterised to identify the fouling behaviour of the
MD membrane for treating AnMBR effluent. A homogeneous cake layer was observed
on each membrane surface after every 10 days of operation (Figure 5-5). The cake layer
consisted of mainly carbon, oxygen, ferrous, sodium, chloride, magnesium, calcium,
and phosphorus, suggesting the occurrence of both organic (biological) and inorganic
fouling on the MD membrane surface. Indeed, inorganic crystals were visualized on the
membrane surface through the SEM images and could be attributed to phosphate
precipitates, such as calcium/magnesium phosphate and struvite given the accumulation
of phosphate (Figure 5-3b) and inorganic salts in the feed solution (Figure 5-4).

Figure 5-5: SEM images and EDS analyses of the fouled MD membranes. The MD
membrane was replaced every ten days for fouling characterization. Operating
conditions of MD were described in the caption of Figure 5-3.
Organic membrane fouling could also be evidenced by the ATR-FTIR measurement
(Figure 5-6a). Compared to the pristine MD membrane, all fouled MD membranes
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exhibited distinctive adsorption peaks at 1653 cm-1, which is usually associated with
alkene (C=C) in aliphatic structures and/or amide I (C=O) bonds, and at 1543 cm-1,
representing amide II (C-N-H) bonds. The three fouled membranes also showed a sharp
peak at 1032 cm-1, indicating carbonyl (C=O) bonds of polysaccharides. These results
indicated that protein and polysaccharides were major components contributing to the
organic fouling of the MD membrane. EEM analysis identified a significant
accumulation of humic-like (λex/em=300-370/400-500 nm) and protein-like substances
(λex/em=275-290/330-370 nm) in the MD feed solution due to their high rejection by the
MD membrane (Figure 5-6b).

Figure 5-6: (a) ATR-FTIR adsorption spectra and (b) Fluorescence excitation and
emission matrix (EEM) spectra for MD feed and MD distillate during AnMBR-MD
operation. MD membrane was replaced every ten days for fouling characterization and
named as fouled-10 d, fouled-20 d, and fouled-30 d, respectively.
5.4.3

TrOC removal by AnMBR integrated with MD

The role of the AnMBR and MD processes for TrOC removal in the integrated system
was elucidated (Figure 5-7). The removal of TrOCs by AnMBR varied significantly
from approximately 15.1% (i.e. primidone) to 94.2% (i.e. trimethoprim), depending on
their molecular properties, such as hydrophobicity and molecular structures. Indeed,
previous studies have demonstrated that TrOC removal by MBR is largely governed by
their molecular properties, regardless of the presence or absence of oxygen in the
bioreactor (Tadkaew et al., 2011; Wijekoon et al., 2015). Co-metabolism could be the
primary mechanism for the biodegradation of these TrOCs as they cannot be the main
carbon source for microbial maintenance and can only be catabolised when other carbon
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sources are available (Semblante et al., 2015).
The removal of ketoprofen, primidone, ibuprofen, diclofenac, carbamazepine,
gemfibrozil, simazine, atrazine, and diuron by AnMBR alone was only in the range of
15 – 25%. The low biodegradability of these compounds under anaerobic conditions
could be attributed to the presence of electron withdrawing groups, such as chloro,
amide, and nitro in their molecular structures (Wijekoon et al., 2015). In addition, these
compounds were relatively hydrophilic with Log D values lower than 3.2 (at solution
pH = 7). As a result, they did not adsorb significantly to the sludge phase and
biodegradation was their predominant removal mechanism from the aqueous phase.
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Figure 5-7: TrOC removal by AnMBR integrated with MD. TrOCs are listed in the
order of increasing hydrophobicity. Based on their effective octanol-water partition
coefficient (Log D) at solution pH of 7, the 26 TrOCs investigated were classified as
hydrophobic (Log D > 3.2) and hydrophilic (Log D < 3.2). Average removal rates from
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six measurements (once every five days) were shown with standard deviation in the
range of 0.1 – 24%. Experimental conditions are summarized in the caption of Figure 52.
Several TrOCs were removed by AnMBR by over 70%. These TrOCs included caffeine,
sulfamethoxazole, trimethoprim, amtriptyline, linuron, clozapine, diazinon, triclosan,
and triclocarban (Figure 7). Given the relatively low hydrophobicity of caffeine,
sulfamethoxazole, trimethoprim, and amitriptyline, their effective removal by AnMBR
could be attributed to the high intrinsic biodegradability with the presence of electron
donation groups, such as amine and hydroxyl, in their molecular structures (Tadkaew et
al., 2011). By contrast, linuron, clozapine, diazinon, triclosan, and triclocarban were
highly hydrophobic with Log D values higher than 3.2 (at pH = 7). Thus, these
compounds could effectively be retained by anaerobic digesters and thus facilitate their
biodegradation and hinder their permeation through the MF membrane.
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Figure 5-8: Rejection of TrOC by the MD membrane. Error bars represent the standard
deviation from six measurements over 30 days of operation (once every 5 days). TrOCs
were listed in the order of their pKH values, which was calculated based on Wijekoon et
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al. (2014b). Experimental conditions are summarized in the caption of Figure 5-2.
Although TrOC removal by AnMBR was highly variable and strongly dependent on the
specific molecular properties of each compound, the MD process could consistently
enhance the overall TrOC removal. Indeed, the MD process could effectively reject all
TrOCs selected in this study (Figure 5-8). As a result, over 76% removal of all TrOCs
could be achieved by the integrated AnMBR-MD system (Figure 5-7). The role of MD
in this hybrid system for TrOC removal was most significant for these compounds (such
as, primidone, ibuprofen, diclofenac, and bisphenol A) that were poorly removed by
AnMBR.

5.5 Conclusion
Results reported here suggest that the MD process complemented AnMBR very well for
energy and water recovery. AnMBR could produce 0.3 – 0.5 L/g CODadded biogas
(approximately 65% methane). By integrating MD with AnMBR, high removal of
organic matter and nutrients could be achieved. The high retention capacity of the MD
membrane resulted in significant phosphate accumulation in the feed solution, thereby
producing an opportunity for phosphorus recovery from AnMBR effluent. The synergy
between the biological treatment and the MD membrane rejection contributed to 76% to
complete removal of all 26 selected TrOCs by the integrated AnMBR-MD system.
Further research is necessary to address the issue of MD membrane fouling when it is
coupled with AnMBR for phosphorus recovery and water reuse applications.
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CHAPTER 6: CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE
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6.1 Conclusions
This thesis investigated the performance of AnMBR and its hybrid system for
wastewater treatment and resource recovery. Effects of the build-up of inhibitory
substances, including salinity and sulphur content, on the performance of AnMBR were
comprehensively studied. The compatibility of AnMBR with MD to advance
wastewater treatment and reuse was evaluated. Key findings from this thesis are
summarised below.
Salinity build-up in the bioreactor is problematic in biological treatment processes.
Results reported in this thesis demonstrated that the performance of AnMBR for
wastewater treatment was negatively affected by salinity build-up in the bioreactor. As
the bioreactor salinity increased to above 10 g/L NaCl, the removal of organic matter
and biogas production by AnMBR was reduced. Salinity build-up in the bioreactor also
reduced the removal of TrOCs, particularly those hydrophilic compounds. Although
salinity build-up impacted the biomass characteristics, the residuals of TrOCs in the
biosolids, mostly hydrophobic compounds, were not significantly affected.
Sulphur rich organic waste is a challenge to anaerobic treatment, given the toxicity of
SO42- to anaerobic microorganisms and enhanced competition of sulphate reducing
bacteria. Results from this thesis indicate that the biological activity and COD removal
by AnMBR were indiscernibly affected when the influent SO42- concentration was
continuously increased provided the COD/SO42- ratio was above 10. Nevertheless, the
increased sulphur content enhanced the production of H2S and thus resulted in some
variations in biogas production. Similar to the impacts of salinity build-up, sulphur
enhancement significantly affected the removal of hydrophilic TrOCs by AnMBR, but
no notable variation was observed for the removal of hydrophobic compounds. In
addition, the accumulation of some hydrophilic TrOCs in biosolids was also impacted
by sulphur addition.
A DCMD process was integrated with AnMBR to advance wastewater treatment and
resource recovery in this thesis. Results shown here suggest the technical compatibility
of MD with AnMBR for energy and water recovery. AnMBR could produce 0.3 – 0.5
L/g CODadded biogas with methane composition of approximately 65%. The integrated
AnMBR-MD system enabled high removal of organic matter and nutrients. More than
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76% removal of all 26 selected TrOCs could be achieved. It is noteworthy the highly
selective MD membrane resulted in considerable phosphate accumulation in the feed
solution, thus facilitating its subsequent recovery. Nevertheless, fouling of the MD
membrane was severe and needs to be addressed when it is coupled with AnMBR.
Results from this thesis suggest that further influent treatment is necessary to alleviate
the concentration of inhibitory substances when AnMBR is applied for the treatment of
pre-concentrated wastewater. Specifically, dissolved salts should be controlled to below
10 g/L NaCl to avoid negative effects on AnMBR performance. Organic matter should
be supplemented to maintain the COD/SO42- ratio above 10 for stable AnMBR
performance when wastewater contains high sulphur content. Further purification of
AnMBR effluent can be achieved by MD; while contaminant accumulation in its feed
solution should be addressed for sustainable recovery of clean water, energy and
nutrient from wastewater.

6.2 Recommendations for future work
AnMBR is an effective and robust technology to potentially transform the existing
wastewater treatment plants to be energy neutral or even positive. However, further
development of AnMBR is hindered by several technical challenges, particularly when
it is deployed for municipal wastewater treatment and resource recovery. In addition to
these proposed in this thesis, these challenges also include membrane stability,
membrane fouling, and the occurrence of complex inhibitory substances. Thus, future
research is necessary to address these issues for the further development of AnMBR.
Membrane process, particularly FO, is a promising approach to produce clean water and
pre-concentrate wastewater to the level suitable for AnMBR treatment. However,
wastewater pre-concentration also results in the enrichment of inhibitory substances
(salts, free ammonia, and sulphate) to AnMBR. As demonstrated in Chapter 3 and 4, the
build-up of salinity and sulphate in the influent could negatively affect the performance
of AnMBR regarding biological stability and contaminant removal. Given the complex
chemistries of real wastewater, further investigation is required to evaluate the
performance of AnMBR for treating concentrated wastewater, which contains all
potential inhibitory substances. Furthermore, techniques should be developed to
mitigate the negative effects of these inhibitory substances on AnMBR.
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The integration of AnMBR with additional processes is necessary to advance
wastewater treatment and reuse given its limited capability for nutrient removal. Thus,
further research is encouraged to investigate the compatibility of advanced processes,
such as membrane filtration, photosynthetic bioreactor, ion exchange, and eletrodialysis,
with AnMBR. Results from Chapter 5 have shown the technical feasibility of MD to
combine with AnMBR for water reuse and energy recovery. However, membrane
fouling is a severe issue to the further development of such integrated system. Indeed,
membrane fouling of AnMBR is problematic due to the absence of aeration and lower
sludge filterability. Thus, it is necessary to have a deep understanding membrane
fouling mechanisms, thereby eventually developing techniques, to control membrane
fouling during the operation of AnMBR and its hybrid systems.
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